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ABSTRACT 
The overarching theme of this dissertation is the use of the conveniently 
prepared, air- and moisture-stable phosphorus(I) and arsenic(I) sources [Pndppe][X] 
(Pn = P and As; dppe = 1,2-bis(diphenylphosphino)ethane ; X = non-specific anion) as 
reagents for the synthesis and subsequent study of new or underexplored carbon-
donor-stabilized phosphorus and arsenic compounds. 
Chapter 1 gives a historical account of the discovery and development of low-
coordinate phosphorus- and arsenic-centred molecules. It provides insight into the 
nature of the bonding in these systems and recent successes in the field are 
highlighted. 
In Chapter 2, a convenient one-pot synthetic approach to chelating bis-N-
heterocyclic carbene-ligated phosphorus(I) salts is described. The solid-state 
structures of these remarkably stable phosphamethine cyanine dyes with various N-
alkyl groups and counterions were determined using single crystal X-ray diffraction. 
Initial reactivity results reveal that they may act as ligands towards gold(I). 
In Chapter 3, the synthesis and solid-state structures of various thiazolium 
iodide salts are reported. Their use as S,N-heterocyclic carbene synthons for the 
generation of classical phosphamethine cyanine dyes is expounded. Oxidation of the 
phosphamethine cyanines with elemental sulfur results in cationic 
dithiophosphinates that are air- and moisture-stable. 
In Chapter 4, a convenient, reliable, and high-yielding synthesis of N-
heterocyclic carbene-stabilized phosphorus(I) cations is reported. Characterization 
of the materials by nuclear magnetic resonance spectroscopy, ultraviolet-visible 
spectroscopy, single crystal X-ray diffraction, and quantum chemical calculations was 
done. They reveal that increasing N-alkyl group size causes twisting of the carbene 
fragments from the C−P−C plane, which decreases the magnitude of negative 
hyperconjugation between the π-type lone pair on phosphorus and the carbene 
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fragments. Furthermore, increasing the N-alkyl group size increases the stability of 
the dyes towards air and moisture. The reactivity profile of these compounds was 
assessed and include oxidation by elemental sulfur to give cationic 
dithiophosphinates; coordination chemistry with gold(I) to yield mono- and bi-
metallic complexes; and protonation/alkylation using triflate-based electrophiles, to 
afford dicationic phosphines. 
In Chapter 5, general synthetic approaches for accessing asymmetrically 
substituted phosphorus(I) cations are reported. The first method grants access to 
acyclic derivatives and is accomplished by sequential substitution of 
bis(diphenylphosphino)ethane. The second method grants access to cyclic 
derivatives and utilizes hybrid phosphine/N-heterocyclic carbene ligands. In this 
case, modifying the stoichiometries or ligand type can also generate homoleptic 
derivatives with pendant phosphines. 
In Chapter 6, the synthesis, isolation and full characterization of a series of 
cationic metal-carbonyl complexes bearing an N‐heterocyclic carbene-stabilized 
phosphorus(I) ligand are reported. The donor ability of the ligand was assessed by 
infrared spectroscopy of its metal-carbonyl complexes and by quantum chemical 
calculations. The results indicate that the new PI ligands are weak π‐acceptors with 
moderate σ-donor strength. 
In Chapter 7, the synthesis of dicyanopnictides using [Pndppe][BPh4] is 
reported. The protocol requires three synthetic steps from commercially available 
starting materials. As the heavy homologues of dicyanamide – a long-known and 
industrially-important anion – these materials should find use in a variety of synthetic 
applications. 
Chapter 8 summarizes the conclusions drawn from this research and 
provides initial results to guide future endeavours. 
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NOMENCLATURE 
The nomenclature used within this dissertation is in a format that is generally 
accepted among chemists. One naming scheme that is specific to this dissertation is 
the one used for the various carbenes employed throughout. Abbreviations for each 
carbene have been given in the LIST OF ABBREVIATIONS AND SYMBOLS, but for 
further clarity, the following diagrams should be referred to by the reader. 
 
In instances where the carbenes are simple and symmetrically substituted, the 
naming scheme RCarbR' is employed, where R is the substituent on nitrogen, R' is the 
backbone substituent, and Carb is the abbreviation for the type of carbene (e.g. NHC, 
TZ, etc.). In cases where R or R' = H, the term is omitted from the naming scheme. 
Examples of this are: 
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Bis(carbene) derivatives linked through the nitrogen atom by a methylene 
group are referred to as RbNHC (b is for bis). Examples of this are: 
 
In cases where the carbenes are asymmetrically substituted and linked to a 
heteroatom-containing group through the nitrogen atom, the linker type, if any, is 
placed between dashes (representing bonds, e.g. –C2H4–). Examples of this are: 
 
Finally, for the two common N-heterocyclic carbenes, namely 1,3-bis(2,6-
diispropylphenyl)-imidazol-2-ylidene and 1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene, the generally accepted abbreviations IDipp and SIMes are 
used. 
 
 
  1 References begin on page 27 
CHAPTER 1: 
General Introduction 
1.1  Phosphorus and Arsenic: Origins and History 
Like most elements heavier than hydrogen, phosphorus is made in stars by 
stellar nucleosynthesis.1–3 Near the end of a massive star’s life (≥8 solar masses), 
when it has burned off its hydrogen, helium, and carbon, the nuclear “burning” of 
neon initiates the formation of 31P – the only “stable” nuclide of phosphorus – through 
neutron capture on silicon.4,5 During the massive star’s death by supernova, explosive 
carbon- and neon-burning produce more 31P, which is then ejected into the 
surrounding interstellar medium.6 There, phosphorus chemistry begins as it reacts 
with other stellar remnants to make molecules:7 PN,8 CP,9 PO,10 CCP,11 and HCP12 have 
all been detected in space. Eventually, gravitational accretion of these molecular 
building blocks and other interstellar materials form galaxies, stars and planets.13 
On Earth, phosphorus is typically found in its highest oxidation state (+5) in 
the form of phosphate [PO4]−3. Minerals of the apatite group [Ca5(PO4)3(F,Cl,OH)] are 
the primary sources of phosphate on Earth and they form the base of the “phosphorus 
cycle” – the biogeochemical process that distributes the element throughout the 
Earth’s hydrosphere and into all known forms of life.14 In this cycle, phosphate is 
dissolved by the weathering of rocks and absorbed by plants and algae. There, it gets 
converted to organic phosphates and introduced into the food chain.15 Phosphates 
are ubiquitous in biochemistry and are critical components of many biomolecules.16 
They form the backbone of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), 
the nucleic acids that store and transmit genetic information. They make up the active 
portion of adenosine triphosphate (ATP), the molecule that regulates energy transfer 
in all living cells (Figure 1-1). Phosphorus is essential to life as we know it and has 
been dubbed “life’s bottleneck”.17 
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Figure 1-1: Structural depictions of phosphate (top left), adenosine triphosphate (bottom 
left), and deoxyribonucleic acid (right). 
Indeed, it was through biological means that elemental phosphorus was first 
discovered. The fractional distillation of human urine by the alchemist Hennig Brand 
in 1669 A.D. yielded a waxy, white, glowing substance.18 He had isolated white 
phosphorus (P4) (Figure 1-2) and named it the “bearer of light” (which translates to 
“Phosphorus” in Greek, “Lucifer” in Latin)16 after the faint, chemiluminescent glow 
that results from its exposure to oxygen.19 In the modern era, P4 is produced 
industrially by the “thermal process”: mixtures of fluorapatite, coke (ca. 90% C) and 
silica (SiO2) are heated to 1400−1500 °C in an electric furnace, generating gaseous P2 
which is condensed to form the more stable allotrope, P4. While this reaction is 
performed on 1 MT/year scales globally, most of the world’s phosphate rock (ca. 
95%) is instead converted directly to phosphoric acid by “wet processing” (treatment 
with strong mineral acids). Phosphoric acid is then used to make phosphates for 
fertilizers, food additives, and pharmaceuticals, among many other applications.16,20 
Only 17% of P4 gets converted into materials other than phosphoric acid. These 
include red phosphorus for pyrotechnics, matchbox-strike surfaces and metal 
phosphide semiconductors; and phosphorus halides for pesticides, flame retardants, 
and derivatization to other organophosphines. 
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Figure 1-2: Structural depictions of the allotropes of elemental phosphorus. Phosphorus 
atoms are represented by orange spheres. 
Arsenic is made in massive stars by neutron capture processes beginning with 
capture on iron nuclei.21 As with phosphorus, arsenic has one “stable” nuclide (75As). 
On Earth, it is found primarily in sulfide-containing minerals like arsenopyrite 
(FeAsS), orpiment (As2S3) and realgar (α-As4S4).22 Elemental deposits are rare. The 
sulfides have been known since ancient times and were used for medicinal and 
cosmetic purposes.23 White arsenic (As2O3) was first isolated in the 8th century by the 
Arabian chemist Schabir, who roasted realgar.24 Elemental arsenic is thought to have 
been first synthesized in the 13th century by Albertus Magnus (Albert the Great), who 
heated orpiment with soap.18 Because metal arsenides and sulfides form significant 
impurities in metal deposits, most arsenic produced industrially comes in the form of 
white arsenic. It is formed as a volatile byproduct of roasting and smelting of copper, 
lead, gold, silver, and other ores.22 Reduction of white arsenic to elemental arsenic is 
typically done by treatment with carbon at 500-800 °C, whereby the sublimed yellow 
arsenic (As4) cools and condenses into the more stable grey arsenic. Currently, the 
most important applications of arsenic are in the production of wood 
preservatives/pesticides (e.g. chromated copper arsenate) and semiconductors (e.g. 
gallium arsenide). 
Modern organoarsenic chemistry is said to have begun in 1760 with Cadet’s 
discovery of “cacodyl” (Me2As−AsMe2) (Figure 1-3), considered to be the first known 
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organometallic compound due to arsenic’s classification as a “metalloid”.25 The 
development of synthetic organic chemistry over the next two centuries carried with 
it significant advances in organoarsenic chemistry. The first effective drug against 
syphilis and the first modern chemotherapeutic agent was “arsphenamine” 
(salvarsan), discovered by Ehrlich in the early 20th century.26 Though arsenic had 
already seen a long history of medicinal use,27 Ehrlich’s discovery led to a surge in 
organoarsenic chemistry.28 This was further promulgated by research into arsenic-
based chemical warfare agents (e.g. lewisite) during and after World War I.29 
 
Figure 1-3: Structural depictions of cacodyl (top left), lewisite (bottom left) and one of the 
oligomers of arsphenamine (right). 
During the mid 20th century, phosphorus began to overtake arsenic in terms 
of popularity among chemists. This was mainly caused by developments in the 
coordination chemistry of trivalent phosphorus species (like triphenylphosphine, 
Figure 1-4). Reppe realized that phosphines could enhance the activity or selectivity 
of some nickel-based carbonylation and polymerization catalysts, resulting in an 
upsurge in the study of phosphines for transition metal mediated catalysis.30 During 
these years, the advent of 31P NMR spectroscopy made the characterization of 
phosphorus-containing species exceptionally convenient.31 Finally, the discovery of 
Wilkinson’s hydrogenation catalyst [RhCl(PPh3)3] in 1965 debuted the reign of 
phosphines as omnipresent ligands in the field of organometallic catalysis.32 It follows 
that since the mid-1960s, developments in the chemistry of arsenic have significantly 
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lagged behind those of phosphorus. The following introductory sections (and to an 
extent, this entire dissertation) will reflect this disparity. The focus will be the 
chemistry of phosphorus, and parallels to arsenic will be drawn when appropriate. 
 
Figure 1-4: Structural depictions of triphenylphosphine (left), one of Reppe’s nickel catalysts 
(centre), and Wilkinson’s catalyst (right). 
1.2  The Discovery of Low-Coordinate Species 
In the early 1960s, a series of phosphorus-centred molecules was discovered 
that caused a paradigm shift in the zeitgeist of bonding and structure for phosphorus 
and the heavier p-block elements in general. By this time, tricoordinate, trivalent 
phosphorus compounds like phosphines were experiencing significant development 
as ligands to transition metals.33 Tetracoordinate, pentavalent species like 
phosphonium-ylides (Wittig reagents)34 and phosphonate esters (Horner-
Wadsworth-Emmons reagents)37,38 were widely used by organic chemists in C=C bond 
forming reactions (Figure 1-5). Isolable molecules with phosphorus in lower 
coordination numbers (< 3) were not yet known. 
 
Figure 1-5: Structural depictions of a phosphonium-ylide (left), a phosphonate ester (centre) 
and a phosphine (right). 
1.2.1  π-Bonding to Carbon 
The first examples of low-coordinate phosphorus-containing molecules were 
those that defied the “classical double bond rule”. Often referred to simply as “the 
double bond rule”, its most literal interpretation was given by Jutzi: “elements having 
a principal quantum number greater than 2 should not be able to form (p-p)π bonds 
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with themselves or with other elements”.39 As noted by Parkin, while this rule has 
been frequently mentioned in the literature, its origins are obscure.40 In a more 
qualitative sense, this “rule” was used to point out that while (p-p)π bonds between 
period 2 elements are commonplace (e.g. C6H6, C≡O, MeCN, N≡N), molecules with 
multiple bonds between heavier elements are thermodynamically unstable, tend to 
polymerize and are very difficult to isolate under typical laboratory conditions (e.g. 
S=S, P≡O, P≡P, O=SiMe2). Dasent’s classification of these hypothetical or transient 
species as “non-existent” challenged and enticed synthetic chemists.41 
Some of the first room-temperature stable compounds to exhibit 3p-2p π-
bonding were phosphamethine cyanine cations, reported by Dimroth and Hoffmann 
in 1964 (Scheme 1-1).42 Though their work was initially met with skepticism, 
Allmann provided unambiguous confirmation of their claims one year later via single 
crystal X-ray diffraction (SCXRD) analysis of one of these salts. The short PC bond 
distances (1.756(4) Å and 1.760(3) Å) and wide CPC angle (104.5(3)°) of the near 
planar cation in [P(EtTZB)][ClO4] gave the first concrete evidence for resonance 
stabilized PC π-bonding.43 
 
Scheme 1-1: Dimroth’s synthesis of phosphamethine cyanine salts. 
This ground-breaking discovery incited a bevy of other scientists to pursue 
like species (Figure 1-6). Märkl prepared the first phosphabenzene derivative in 
1966,44 followed by some arsamethine cyanine cations in 1967.45 The first 
arsabenzene derivative was reported by Jutzi, who prepared 9-arsaanthracene in 
1969.46 Later, Becker isolated stable phosphaalkenes47 and phosphaalkynes48 using 
bulky substituents for kinetic stabilization. Their arsenic homologues were reported 
shortly thereafter.49,50 These early synthetic experiments taught chemists the 
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importance of π-delocalization and steric protection in overcoming the low π-bond 
stability of the heavier p-block elements, opening up an entirely untapped well of new 
molecules. 
 
Figure 1-6: The first examples of molecules containing a low-coordinate phosphorus or 
arsenic atom with π-bonding to carbon. 
1.2.2  Bonds to Nitrogen 
Spurred by these initial findings, more molecules with phosphorus in low 
coordination numbers emerged throughout the 1970s. These including species 
bound to nitrogen (Figure 1-7). Iminophosphines of the form R−P=N−R were 
synthesized by Flick and later by Kuhn.51–53 Phosphenium cations of the form 
[R2N−P−NR2]+, which had long been observed in mass spectrometry experiments and 
invoked as reactive intermediates in organophosphorus chemistry,54 were isolated 
for the first time.55,56 Persistent diamidophosphanyl and arsanyl radicals were 
reported by Lappert and characterized using EPR spectroscopy.57 It was only many 
years later, in 1986, that Lappert reported the first stable compound with an As=N 
bond.58 Shortly thereafter, Niecke isolated an iminophosphenium cation, a stable 
compound with a P≡N bond.59 The homologous iminoarsenium cation was reported 
25 years later by Schulz.60 
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Figure 1-7: The first examples of molecules containing a low-coordinate phosphorus or 
arsenic atom bound to nitrogen. 
1.2.3  Phosphinidenes 
The quintessential low-valent phosphorus-containing species are 
phosphinidenes. With the general form P−R, they are mono-coordinate, univalent and 
electron deficient, having only 6 valence electrons (Figure 1-8). Due to this most 
peculiar electronic situation, most phosphinidenes have a triplet ground state and a 
remarkably diverse reactivity profile.61 This includes, but is not limited to, a 
propensity to undergo intramolecular C−H and C−C bond insertions,62–64 additions to 
unsaturated substrates like alkenes and alkynes,65 coordination to transition 
metals,66,67 and coordination by Lewis bases.68 Efforts in the development of 
phosphinidenes stem from their relationship to carbenes, which have important 
industrial applications and whose chemistry remains significantly more developed.69 
 
Figure 1-8: Structural depictions and selected electronic configurations of free 
phosphinidenes and free carbenes. 
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The history of phosphinidenes began in 1877 when Kohler and Michaelis 
isolated a crystalline product with the empirical formula “PPh” by the condensation 
of phenylphosphine with phenyldichlorophosphine (Scheme 1-2).35 Though they had 
formulated the material as being “phosphobenzene”, Ph−P=P−Ph (named in relation 
to the nitrogen homologue, azobenzene), mass spectrometry experiments performed 
by Kuchen in 1958 indicated that the material was most likely a mixture of [PPh]n 
oligomers (majority n = 5).70 The structures of some of these were conclusively 
determined by SCXRD in 1964.71 By this time interest in phosphinidenes had grown 
considerably. Mass spectrometry studies and chemical trapping experiments using 
disulfides, alkynes, 1,3-dienes, and others, had been used in attempts to detect and 
study the properties of these transient monomeric species.72 
 
Scheme 1-2: Kohler and Michaelis’ synthesis of [PPh]n oligomers. 
In 1981, Yoshifuji succeeded in synthesizing a true “phosphobenzene”, 
Mes*−P=P−Mes*, by incorporating bulky substituents (2,4,6-tri-tert-butylphenyl or 
super mesityl, Mes*) to prevent further oligomerization of the phosphinidene units 
after reduction of the corresponding dichlorophosphine with magnesium (Scheme 
1-3). This “diphosphene”, along with the disilene reported almost simultaneously by 
West,73 broke the proverbial back of the double bond rule as the first stable molecules 
to exhibit 3p-3p π-bonding (Figure 1-9). A diarsene and a phosphaarsene were 
isolated by Cowley two years later and reported together.74 
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Scheme 1-3: Yoshifuji’s synthesis of a diphosphene. 
 
Figure 1-9: Structural depictions of West’s disilene (left), and Cowley’s diarsene (centre) and 
phosphaarsene (right). 
Only recently has a “free” phosphinidene been discovered that is stable at 
room temperature. Bertrand and co-workers utilized the π-donating 1,3,2-
diazaphospholidine scaffold (which significantly stabilizes the phosphinidene’s 
singlet state) to support the first stable monomeric phosphinidene (Scheme 1-4).75 
The singlet (phosphino)phosphinidene also requires significant kinetic stabilization 
to prevent dimerization, hence the massive groups (Ar**) on nitrogen. Incredibly, the 
electrophilic phosphinidene remains susceptible to attack by Lewis bases and to 
alkene additions in spite of the extremely bulky substituents in its periphery.76 
 
Scheme 1-4: Bertrand’s synthesis of a stable singlet (phosphino)phosphinidene and its 
reactions with maleic anhydride and phosphines. 
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1.2.4  Terminal Phosphinidene Complexes 
The most thoroughly studied class of phosphinidenes are those terminally 
bound to a transition metal fragment. Because phosphinidenes generally have a 
triplet ground state, they combine easily with metal fragments that have a triplet 
ground state to give phosphinidene complexes that are analogous to Schrock carbenes 
(typically nucleophilic at P) (Figure 1-10). Conversely, if coordination to a metal 
fragment in its singlet state is energetically favourable, the (excited singlet state) 
phosphinidene will donate a pair of electrons to the metal, forming complexes that 
are analogous to Fisher carbenes (typically electrophilic at P).77 This being said, the 
“philicity” of the phosphorus atom depends heavily on the metal’s identity, oxidation 
state, and spectator ligands.78 
 
Figure 1-10: Structural depictions and schematic representations of the bonding situation in 
Fischer- and Schrock-type terminal phosphinidenes. 
The first examples of terminal phosphinidene complexes – and those that are 
most well-studied – are Fischer-type derivatives prepared by Mathey in 1982. Entry 
to these species came by way of 7-phosphanorbornadiene complexes, which release 
terminal phosphinidenes, R−P→MLn, upon heating (Scheme 1-5).79 Due to the 
instability of these species, reactions were typically performed in situ and were used 
to elucidate electrophilic character at the phosphorus atom. Reaction types include 
coordination by Lewis bases, additions to unsaturated species like alkynes and 
alkenes, and many others.80 In the case of alkene additions, retention of the alkene’s 
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stereochemistry provides confirmation of the terminal phosphinidene complex’s 
singlet ground state.81 
 
Scheme 1-5: Mathey’s 7-phosphanorbornadiene→W(CO)5 complex and its reactions as a 
terminal phosphinidene source with alkenes, alkynes, and 1-piperidinonitrile. 
Lappert and Cowley were the first to show that judicious choice of spectator 
ligands allows for stabilization of terminal phosphinidenes so as to make them 
isolable (Figure 1-11).82,83 In particular, nucleophilic Schrock-type derivatives are 
much more stable and many examples of these have been structurally characterized 
by SCXRD. Wolczanski later reported the first stable terminal arsinidene.84 The most 
widely-developed aspects of Schrock-type phosphinidene chemistry are 
phosphinidene transfer reactions,85 and [2+2] cycloadditions involving the M=P 
bond.67 
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Figure 1-11: Structural depictions of stable terminal phosphinidenes reported by Lappert 
(left) and Cowley (centre), and Wolczanski’s terminal arsinidene (right). 
1.2.5  Phosphine-Phosphinidene Adducts 
Given that free phosphinidenes are electron-deficient (6 valence electrons), 
another approach to their stabilization involves coordination of a Lewis base to 
satisfy the octet configuration of phosphorus. The earliest example of such a species 
was the phosphine-stabilized phosphinidene discovered by Burg, synthesized 
through the deoligomerization of [PCF3]4 by trimethylphosphine (Scheme 1-6).86 
 
Scheme 1-6: Burg’s synthesis of a phosphine-stabilized phosphinidene. 
More stable derivatives were prepared by Regitz87 and later by Protasiewicz, 
the latter of whom developed these compounds as “phospha-Wittig” reagents.88,89 
These compounds are related to Wittig reagents in structure and in their propensity 
to form (phospha)alkenes when treated with aldehydes (Scheme 1-7).90 The general 
utility of these reagents is epitomized in the synthesis of conjugated polymers 
containing phosphaalkenes units.91 
 
Scheme 1-7: Protasiewicz’s synthesis of phosphaalkenes using a “phospha-Wittig” reagent. 
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The bonding situation in these compounds lies on a continuum between two 
canonical extremes (Figure 1-12). While the electron distribution depends heavily 
on the phosphine’s R-groups, in general, it is most closely approximated by the 
univalent form (two lone pairs on P) for several reasons. These include low calculated 
barriers to PP bond rotation and the ability of the P atom to coordinate two 
electrophiles simultaneously.92,93 The short PP bonds (typically ranging between the 
sum of PP single (2.22 Å) and double (2.04 Å) bond covalent radii)94 can be 
interpreted as the result of strong negative hyperconjugation from the π-type lone 
pair of the PI centre into the low-lying P-R σ* orbitals of the phosphine (π-
backbonding). 
 
Figure 1-12: Structural depictions and schematic representation of the bonding situation in 
phosphine-phosphinidene adducts. 
1.2.6  Triphosphenium Ions 
Triphosphenium ions are a subset of oligophosphorus compounds that have 
the general formula R3PPPR3.95,96 The first examples of these compounds were 
anionic derivatives reported by Fluck in 1976,97 but cationic derivatives have since 
become much more common. The first positively charged species was prepared by 
Schmidpeter through the reduction of PCl3 using SnCl2 in the presence of 1,2-
bis(diphenylphosphino)ethane (dppe) (Scheme 1-8).98 The same group later showed 
that the phosphines themselves may act as the reducing agents when used in 
conjunction with halide abstractors like AlCl3.99 
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Scheme 1-8: Schmidpeter’s syntheses of triphosphenium cations. 
Akin to the bonding situation in phosphine-phosphinidene complexes, several 
canonical extremes may be used to depict the bonding situation across the PPP 
fragment. In the PV (phospha)cumulene form, one would expect a linear arrangement 
of the phosphorus atoms. For now, this situation lacks any crystallographic evidence 
or computational support (Figure 1-13). Schmidpeter initially referred to these 
compounds as phosphine-complexes of P+, nomenclature which is reminiscent of the 
PI form. Still, it remains true that the most appropriate description of the electron 
distribution lies between the PI and PIII forms, depending on the nature of the ligating 
phosphines.100–102 
 
Figure 1-13: Structural depictions of the bonding situation in triphosphenium cations. 
Aside from the mildly nucleophilic phosphorus(I) centre that reacts with 
electrophiles like H+, Me+, and CH2Cl+,103,104 the most well-studied aspect of 
triphosphenium chemistry is ligand exchange. Schmidpeter showed very early on that 
the triphenylphosphine-substituted triphosphenium cations are susceptible to ligand 
exchange by more basic or polydentate phosphines (Scheme 1-9).105 More basic 
phosphines form stronger P−P bonds, while polydentate phosphines result in 
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complexes that benefit from stabilization due to the chelate effect. The overall 
reaction can be conceptualized as a transfer of the P+ fragment to another ligand, 
though it is unlikely that the substitution of both phosphines occurs in a single kinetic 
step. While these reactions were very successful in that they resulted in the formation 
of several new triphosphenium compounds, they were severely hindered by the 
instability of [P(PPh3)2]+ and the dissociation of chloride anions from [AlCl4]−.99,105 
Reactions were typically performed in solutions containing AlCl3 to prevent the 
decomposition of [P(PPh3)2][AlCl4], and the resulting triphosphenium cations were 
only characterized in solution using 31P NMR spectroscopy. 
 
Scheme 1-9: Some of Schmidpeter’s triphosphenium ligand displacement reactions. 
1.3  NHC-Stabilized Low-Coordinate Phosphorus Species 
Carbenes are molecules containing a formally neutral, dicoordinate, and 
divalent carbon atom (formally 6 valence electrons). The electronic structure of these 
species has already been depicted in Figure 1-8, and unlike their phosphorus 
analogues (phosphinidenes), the energy gap between singlet and triplet states is 
often much smaller.69 The most important and widely-studied class of carbenes are 
N-heterocyclic carbenes (NHCs), derivatives in which the carbenic atom is embedded 
in a cyclic framework with at least one adjacent sp2 hybridized nitrogen atom.106 The 
remarkable stability of these singlet carbenes is attributable to inductive effects (σ-
electronegativity of adjacent nitrogen atoms stabilizes the carbene lone pair) and 
mesomeric effects (π-donation from the sp2 N reduces electron deficiency of the 
carbene).69 Although these factors were appreciated by chemists like Wanzlick in the 
1960s,107 it was not until 1991 that the first “bottleable” crystalline NHC was isolated 
by Arduengo. This, along with the remarkable advances thereafter, initiated 
propagation of NHCs into the sub-disciplines of chemistry, including organometallic 
CHAPTER 1: 
General Introduction 
 17 References begin on page 27 
catalysis,108 surface chemistry,109 medicinal chemistry,110 supramolecular 
chemistry,111 and organocatalysis.112 
 
Figure 1-14: Structural depiction and schematic representation of the bonding situation in 
singlet NHCs. 
By and large, NHCs are most appreciated for their use as ligands. Initially 
regarded as mere “phosphine mimics”, NHCs have a significantly stronger σ-donating 
ability and have superseded phosphines as ancillary ligands for transition metal 
catalysts.113 Even in the realm of main group chemistry, NHCs have become 
ubiquitous.114,115 For phosphorus, this has been an especially fruitful area of 
research.116 
1.3.1  NHC-Phosphinidene Adducts 
Arduengo showed that NHCs (like phosphines) are sufficiently nucleophilic to 
deoligomerize cyclic polyphosphinidenes, forming NHC-phosphinidene adducts, 
NHC→P−R.68 Though some compounds like this had been reported nearly 20 years 
prior by Schmidpeter, it was only after the breakthroughs in NHC chemistry that their 
interpretation as such could be appreciated.117 In collaboration with Cowley, 
Arduengo showed that these species are also accessible from dichloroarylphosphines, 
whereby one equivalent of NHC is consumed as a reductant.118 This method was used 
for the preparation of NHC-arsinidene adducts in the same report. Bertrand and co-
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workers found that using a reducing agent like KC8 precludes the requirement of 
additional NHC.119 They also showed that the 31P NMR chemical shifts of the adducts 
provide a useful metric with which to rank the carbenes’ π-accepting ability.120,121 A 
plethora of synthetic routes for these compounds are now known (Scheme 1-10),122 
including a catalytic route recently devised by Layfield.123 
 
Scheme 1-10: Various generalized syntheses of NHC-phosphinidene adducts. 
As might be expected, given the analogy between phosphines and NHCs, the 
bonding situation in NHC-stabilized phosphinidenes lies on a continuum between the 
PIII and PI canonical extremes and depends on the nature of the carbene (Figure 
1-15).119 Strongly π-electron-withdrawing carbenes (like those decorated with 
carbonyl groups) lead to the dominance of the PIII form. These complexes are thus 
best described as a phosphaalkenes.124 If the carbene weak π-accepting ability, the 
result is an “inversely polarized” phosphaalkene. The PI canonical form dominates in 
this scenario.125,126 The reactivity profile of these compounds is typified by the 
nucleophilic phosphorus centre, which can coordinate one or two electrophiles 
simultaneously.127 
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Figure 1-15: Structural depictions and schematic representation of the bonding situation in 
NHC-stabilized phosphinidenes. 
1.3.2  NHC-Capped Diatomics, Chains and Clusters 
With bottleable NHCs in the hands of researchers around the world, troves of 
new molecules containing low-coordinate and low-oxidation state phosphorus atoms 
were discovered. Robinson showed that coordination of NHCs to PCl3 and subsequent 
reduction of the NHC→PCl3 adducts generates NHC-stabilized diphosphorus (P2).128 
Bertrand showed that similar species are accessible by the reaction of cyclic 
(alkyl)(amino)carbenes (CAACs) with P4 and that their one-electron oxidation affords 
P2-centred radical cations (Scheme 1-11).129,130 Robinson later prepared NHC-
stabilized diarsenic,131 which can also be oxidized by one electron (yielding the first 
crystallographically characterized arsenic radical).132 Grützmacher prepared cationic 
NHC-capped P3 compounds using NHC adducts of the parent phosphinidene (P−H) 
and showed that these may be reduced to give neutral NHC-capped P3 radicals.133 
Preparation and characterization of the arsenic-centred homologues were reported 
in the same publication. 
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Scheme 1-11: NHC- and CAAC-stabilized diphosphorus compounds of Robinson (left) and 
Bertrand (centre), and their oxidations to give radical cations. Grützmacher’s cationic NHC-
capped P3 chain (right) and its reduction to the neutral P3 radical. 
Pioneering work by Bertrand on the reactions of carbenes with P4 gave way to 
an extensive library of carbene-capped polyphosphorus compounds. These included 
P4 chains and P4, P8 or P12 clusters, depending on the reaction conditions and the 
nature of the carbenes employed (Figure 1-16).134–136 
 
Figure 1-16: Structural depictions of Bertrand’s carbene-capped phosphorus chain/cluster 
compounds. 
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1.4  Previous Work in the Macdonald Lab 
1.4.1  Triphosphenium Halide Salts 
Advances in ligand design saw the commercialization of an abundance of 
phosphines in the years following Schmidpeter’s initial work. Paired with the diversity 
of triphosphenium ions synthesized by the groups of Dillon,137,138 Karsch,139–141 
Woollins,142 and ourselves,143 our group saw an opportunity. It was reasoned that the 
development of triphosphenium chemistry might yield useful P+ transfer reagents – 
segues into new or underexplored phosphorus(I) species. Motivated by this idea, our 
group developed high yielding syntheses of analytically pure cyclic triphosphenium 
halide salts from chelating bis(phosphines), PX3 and cyclohexene (as a halogen 
scavenger for Cl2 and Br2) (Scheme 1-12).144,145 Many of these compounds turned out 
to be stable to air and moisture, presenting a significant advantage over traditional 
phosphorus atom sources like P4 and P(TMS)3. The triphosphenium halide salts 
readily undergo metathesis reactions and many derivatives with weakly coordinating 
anions have since been isolated.146 
 
Scheme 1-12: Macdonald’s synthesis of triphosphenium salts (X = Cl and Br). 
Our group had thus gained access to compounds that could overcome the 
problems encountered earlier on in Schmidpeter’s triphosphenium ligand exchange 
investigations.99 Using these salts – particularly those of [Pdppe]+ – as a source of P+, 
our group has prepared phosphorus-rich polyphosphazene oligomers,147 
zwitterionic triphospheniums,148,149 anionic triphosphenium salts,150 
trithiophosphites,151 bis(trithio)phosphites, and more (Scheme 1-13). In the spirit of 
brevity, and because most of that research was conducted in concert with the 
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research that makes up this dissertation, the interested reader is referred to those 
excellent works. 
 
Scheme 1-13: Various molecules synthesized by the Macdonald group using salts of 
[Pdppe]+ as P+ transfer reagents. 
1.4.2  NHC-Stabilized Phosphorus(I) Salts 
As the first stable compounds featuring π-bonding between carbon and a 
heavier main group element, Dimroth’s phosphamethine cyanines (Scheme 1-1) 
incited a revolution in phosphorus chemistry. Despite this historical significance, they 
did not see any significant development in the years since their discovery. It is likely 
that the lack of progress was due to the numerous difficulties associated with their 
synthesis. For example a) purification of tris(hydroxymethyl)phosphine is laborious 
and presents an explosion danger;152 b) reaction yields were always poor and 
typically ranged from 8% to 20%;153 c) even though phosphamethine cyanine cations 
are susceptible to hydrolysis (forming phosphoric acid and azolium salts), water was 
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often used to precipitate the salts from solution (which may explain the low yields); 
and d) some methods involving P(TMS)3 were developed and resulted in improved 
yields, but this reagent poses significant risks since it is pyrophoric.154 
In 1980, Schmidpeter discovered an unprecedented method for synthesizing 
phosphamethine cyanine dyes when attempting to reduce a triphosphenium ion 
using an electron-rich olefin (ERO) at elevated temperatures.154 He surmised that the 
product was formed by insertion of the PI fragment into the olefin bond, but the 
phosphiranylphosphonium intermediate that he suggested was never isolated or 
detected spectroscopically (Scheme 1-14). It was not until the experimental 
confirmation of the highly debated Wanzlick equilibrium – the equilibrium between 
EROs and their NHC monomers – that this reactivity could be rationalized by another 
mechanism: ligand exchange between the phosphines and NHCs generated by 
thermolysis of the ERO.107,155–157 
 
Scheme 1-14: Schmidpeter’s synthesis of phosphamethine cyanine cations (R = Me or Et). 
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Inspired by Schmidpeter’s results and enlightened by the knowledge gained in 
the wake of stable carbene chemistry, in 2005 our group reported that salts of 
[Pdppe]+ react with free NHCs to give phosphamethine cyanine dyes (Scheme 
1-15).158 One of the most perplexing results of this study came by way of an SCXRD 
experiment: the cation in the salt [P(iPrNHCMe)2][Cl] displayed long P−C bonds 
(1.824(2) Å and 1.823(2) Å), a small CPC angle (97.35(9)°) and significant twisting of 
the NHCs from the CPC plane. Supported by the results of quantum chemical 
calculations, our group concluded that the PI canonical form best describes the 
bonding situation in these cations. Thus, the name NHC-stabilized PI cation was 
coined. The juxtaposition between these results and long-standing description of 
bonding in phosphamethine cyanine dyes (famous for being PIII compounds with P=C 
bonds) is rooted in a general lack of investigation over the years. Allmann’s 1965 
structure of [P(EtTZB)][ClO4] featuring a planar cation remained one of the only 
crystallographically characterized examples before this time.43,159,160 
 
Scheme 1-15: Macdonald’s synthesis of NHC-stabilized PI cations (R = Et or iPr). 
 
Figure 1-17: Structural depictions of the bonding situation in phosphamethine 
cyanines/NHC-stabilized phosphorus(I) cations. 
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1.5  Summary and Scope of Dissertation 
Our group's findings regarding phosphamethine cyanine dyes/ NHC-stabilized 
PI cations exposed a gap in fundamental knowledge that had remained largely 
unexamined over the course of nearly five decades. The new synthetic method that 
our group had discovered was promising and posed significant advantages over 
traditional methods. For one, the reaction did not involve redox chemistry or 
generate uncontrolled side-products. Secondly, the only byproduct (dppe) is a neutral 
molecule which has excellent solubility in nearly all organic solvents. This makes it 
easy to separate, and it may even be recycled for later use. Thirdly, the source of 
phosphorus in these reactions is air-stable, non-volatile, and easy to handle. 
The purposes of the research presented in this dissertation can be 
summarized in the following statements. 
1. Devise convenient and reliable synthetic protocols for phosphamethine cyanines 
by assessing the general applicability and limitations of the “P+ transfer” 
approach using various classes of NHCs. 
2. Characterize the chemical properties of the resulting phosphamethine cyanines 
in order to gain a more complete understanding of the factors affecting the 
nature of their bonding. 
3. Evaluate the reactivity of phosphamethine cyanines towards various substrates 
in order to gain insight into their stability or to generate unprecedented 
derivatives. 
4. Further the development of related systems using the knowledge gained by these 
experiments. 
While it remains true that the primary motivations for this research are 
fundamental, like all basic research, some aspects are directed towards potential 
applications. Historical interest in phosphamethine cyanines has been associated 
with their photophysical properties but limited by their low stabilities. Methine 
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cyanine dyes, the carbon analogues after which they are named, have seen 
commercialization and widespread use as textile colourants, paint pigments, 
sensitizers for photographic materials, fluorescence labels in biomedical imaging, and 
components in optical information recording disks, to name a few.161 More recently 
discovered avenues for phosphamethine cyanines pertain to their use as ligands to 
transition metals or as reagents for more complex molecular architectures.162–164 The 
research constituting this dissertation seeks to promote these applications and more 
by gaining a better fundamental understanding of these compounds. 
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CHAPTER 2: 
Chelating Bis(N-Heterocyclic Carbene) Adducts of 
Phosphorus(I) Cations 
2.1  Introduction 
2-Phosphaallylic cations occupy a special place in the history of phosphorus 
chemistry and main group chemistry as a whole.1 In particular, the crystal structure 
of bis(N-ethylbenzothiazole(2))-phosphamethine cyanine perchlorate (Table 2-1, 
entry 1) provided the first structural confirmation of a dicoordinate phosphorus 
environment and concrete evidence for 3p-2p -bonding!2–4 From a practical 
perspective, several of these compounds were investigated as phosphorus analogues 
of methine cyanine dyes because of the potentially delocalized -system (Figure 2-1, 
PIII form). However, although the compounds can function as dyes, they proved to be 
relatively unstable with respect to hydrolysis of the P−C bond in the presence of water 
which precluded the widespread development and application of this promising class 
of functional dyes. 
 
Figure 2-1: Canonical structures for bis(NHC)-stabilized P cations. 
In spite of their importance and long history, only a few examples have been 
structurally authenticated but some observations are particularly noteworthy: (a) no 
cumulene-like structures (Figure 2-1, PV form) have ever been observed; and (b) 
planar conformations have only been observed in thiazolyl-stabilized cations 
(possibly attributable to S···S interactions) (Table 2-1, entry 1),3 in the N-H tautomers 
of the neutral bis(benzothiazol-2-yl)phosphane5 and bis(s-triazinyl)phosphane6 
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(attributable to H-bonding) (Table 2-1, entries 8 and 12), and in some anionic PI 
compounds (in which metal coordination enforces butterfly conformations) (Table 
2-1, entries 9, 10 and 11).7–9 In fact, most of the 2-phosphaallylic species reported 
actually have non-planar structures featuring “twisting” of the heterocycles with 
respect to the P−C bond. We subsequently described such structural features as being 
most consistent with the PI designation (Figure 2-1) and we described such 
compounds as N-heterocyclic carbene (NHC) complexes of P+.10,11 Table 2-1 presents 
relevant metrical parameters for nearly all of the structurally characterized 
phosphamethine cyanines and related compounds reported to date. All 
2-phosphallylic cations featuring imidazolyl substituents have mutually twisted 
heterocyclic substituents,10,12,13 presumably as a result of the steric requirements of 
the N-alkyl groups. In light of the foregoing, we postulated that a cyclic structure 
might improve the stability of phosphamethine cyanine dyes and simultaneously 
improve -delocalization across the molecules. We present herein a convenient 
method for the generation of these species. 
Table 2-1: Selected metrical parameters for structurally characterized phosphamethine 
cyanines and related compounds. 
Entry 
Lewis Depiction of 
Crystal Structure 
P−C bonds 
(Å) 
C−P−C 
angle (°) 
Carbp−CPCp 
angles (°)* 
Ref. 
1 
 
1.756(4) 
1.760(3) 
104.5(3) 
2.66 
4.39 
3,4 
2 
 
1.781(2) 
1.812(2) 
100.51(11) 
24.78 
38.84 
14 
3 
  
1.796(4) 
[avg] 
103.6(2) 
32.02 
33.78 
15 
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4 
       
1.807(6) 
1.809(7) 
99.2(3) 
42.77 
38.75 
12 
5 
       
1.8345(2) 
1.8358(3) 
96.99(2) 
55.49 
57.14 
12 
6 
  
1.824(2) 
1.823(2) 
97.35(9) 
51.71 
60.17 
10 
7 
              
1.773(3) 
1.818(3) 
109.2(1) 
10.02 
11.77 
13 
8 
  
1.784(5) 
1.778(4) 
98.7(2) 
3.772 
6.770 
5 
9 
  
1.786(2) 
1.782(2) 
106.60(7) 
15.58 
16.68 
7 
10 
 
1.779(2) 104.2(1) 
3.604 
4.870 
16 
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11 
 
1.783 
1.784 
106.91 
6.227 
15.177 
17 
12 
 
1.745(3) 
1.794(3) 
103.4(1) 
0.00 
0.00 
6 
13 
           
1.778(3) 
to 
1.795(2) 
91.43(10) 
to 
93.13(11) 
15.77 
to 
25.38 
This 
work 
14 
 
1.7810(14) 
1.7813(15) 
92.07(6) 
18.83 
19.10 
This 
work 
15 
 
1.793(2) 91.87(11) 
25.02 
25.47 
This 
work 
16 
          
1.7797(16) 
1.7811(16) 
92.51(7) 
18.74 
19.51 
This 
work 
17 
       
1.782(2) 
1.790(2) 
92.08(9) 
21.67 
22.36 
This 
work 
* These values are the angles (°) between the C−P−C plane and the N−C−X planes of the heterocycles, 
where X is N, S, or C, determined using Mercury.18 
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2.2  Results and Discussion 
2.2.1  Synthesis and Characterization of [P(RbNHC)][X] 
Our group previously demonstrated that the treatment of triphosphenium 
iodide precursors with certain NHCs provides NHC-stabilized PI salts in excellent 
yield.19,20 We now report that the reaction of equimolar amounts of bis(carbene) 
(RbNHC) with the readily prepared triphosphenium bromide precursor [Pdppe][Br] 
(dppe = 1,2-bis(diphenylphosphino)ethane)21 yields orange salts of the type 
[P(RbNHC)][Br] in excellent yields (Scheme 2-1). Because the free bis(carbenes) are 
very sensitive to temperature,22 the generation of RbNHCs from their respective 
bis(imidazolium) precursors [(RbNHC)H2][Br]2 and their subsequent reactions with 
[Pdppe]+ must be performed at low temperature. Generation of RbNHCs can be done 
in the presence of [Pdppe]+ salts, but this route leads to lower overall yields. When 
the reaction is complete, the bis(phosphine) byproduct (dppe) can be easily removed 
with non-polar solvents to yield analytically pure products that are stable at ambient 
temperature. In stark contrast to acyclic species, the [P(RbNHC)][Br] salts appear to 
be stable indefinitely as solids in air and solutions exposed to water show only minor 
decomposition after several days. 
 
Scheme 2-1: Synthesis of [P(RbNHC)][Br] (R = Me, Bn, or nBu). 
The 31P NMR spectra of the [P(RbNHC)][Br] salts each feature a singlet 
between −81 and −83 ppm, which is considerably less shielded than what is observed 
for comparable acyclic variants (−112 to −127 ppm). The decreased shielding of the 
P atom is consistent with increased -character of the P−C bond.23 The similarity of 
the chemical shifts for all three [P(RbNHC)]+ cations suggests that the substitution at 
nitrogen does not result in substantial structural or electronic differences. Likewise, 
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the magnitude of the 1J-couplings of phosphorus to the carbenic carbons are all 
similar (ca. 75 Hz) and are marginally smaller than those of comparable acyclic 
variants (80 to 109 Hz). 
Two of the [Br]− salts [P(MebNHC)][Br] and [P(BnbNHC)][Br] crystallize 
readily from the evaporation of MeCN solutions and single crystal X-ray diffraction 
(SCXRD) provides valuable structural information. As anticipated, the short 
methylene bridge restricts twisting of the NHC fragments about the P−C bonds and 
results in cations with butterfly conformations (Figure 2-3), similar to what is 
observed for the isovalent germanium(0) species reported by Driess.24 The C−P−C 
angles (91.3° to 92.9°) are very small compared to other related 2-phosphaallylic 
compounds, almost certainly as a result of the constraints imposed by the chelating 
ligand. The P−C distances are longer than those of phosphaalkene P=C double bonds 
(1.61−1.71 Å) but shorter than P−C single bonds (1.85 Å),25 and are thus consistent 
with some degree of -bonding. The salt 3[P(MebNHC)][Br]·MeCN, which crystallizes 
in the space group P-1, features three crystallographically unique cations in the 
asymmetric unit. The values observed for the P−C distances, C−P−C angles, and 
C−P−C−N torsion angles within each cation exhibit significant variation (>3·esd) and 
illustrates that the 6-membered ring containing the 2-phosphaallylic fragment is 
somewhat flexible. In fact, the angle between the two NHC planes within each cation 
varies from 142.7° to 156.2° (Figure 2-2). 
 
Figure 2-2: Thermal ellipsoid plot (50% probability surface) of 3[P(MebNHC)][Br]·MeCN 
(the asymmetric unit is shown). Hydrogen atoms are omitted for clarity. Selected bond 
lengths (Å) and angles (°) are summarized in Table 2-1. 
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DFT calculations on models of [P(MebNHC)]+ and the acyclic analogue 
[P(MeNHC)2]+ were performed in order to rationalize any differences in the bonding 
between the related species (see A.1 and A.2). The geometry optimizations reproduce 
the features of the experimental structures for both cations very accurately and attest 
to the quality of the method used (PBE1PBE/TZVP). Natural bond orbital (NBO) 
analyses26 suggest that both cations are best considered as PI species, in which the 
phosphorus atom bears two non-bonding pairs of electrons. The PI assignment is 
perhaps surprising given that the much more co-planar structure of the 
[P(MebNHC)]+ might have yielded a PIII structure (as is found for the related acyclic 
thiazolium model, see A.3). Importantly, the stabilization resulting from negative 
hyperconjugation of the -type lone pair on phosphorus to the NHC fragments is 
much larger in the model of [P(MebNHC)]+ (96.53 vs. 67.68 kcal·mol−1). This 
observation is consistent with more effective -bonding in the constrained cyclic 
cations. Furthermore, TDDFT calculations reveal that all the allowed transitions in 
[P(MebNHC)]+ are shifted to higher energy with respect to those in the acyclic 
analogue, which is also consistent with the “lone pair” becoming more -bond-like 
(see A.4). 
 
Figure 2-3: Thermal ellipsoid plots (50% probability surface) of [P(MebNHC)][OTf] (top left), 
[P(BnbNHC)][BPh4]·DCM (bottom left), and [P(BnbNHC)][Br] (right). Anions, solvent 
molecules, and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles 
(°) are summarized in Table 2-1. 
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In order to probe reactivity of the cations, metathesis reactions were done to 
provide salts with counter anions better suited for further chemistry. In particular, 
less nucleophilic anions should facilitate investigation of the coordination chemistry 
of the cations. Thus, treatment of [P(BnbNHC)][Br] with [Na][BPh4] or TMS-OTf 
results in anion exchange to yield [P(BnbNHC)][BPh4] and [P(BnbNHC)][OTf], 
respectively. The most significant spectroscopic change observed upon anion 
exchange is the increased shielding of the 1H NMR signal of the methylene bridge 
protons. This increased shielding is most significant for the more weakly coordinating 
[BPh4]− anion (from ca. 6 ppm to ca. 4 ppm). The salt [P(BnbNHC)][BPh4] 
recrystallizes readily by slow evaporation of either THF of DCM solutions. While the 
metrical parameters for the core of the cations remain similar to those of the [Br]− 
salt, the orientation of the benzyl groups changes significantly (Figure 2-3), almost 
certainly because of differing non-covalent interactions in the solid state. 
2.2.2  Coordination Chemistry 
Extensive investigation of further reactivity of the [P(RbNHC)]+ salts is 
currently underway and complete results will be presented later in a full paper. 
However, in light of the recent results of by Weigand and co-workers for a related 
NHC-stabilized PI ligand (Table 2-1, entry 7),13 discussion will be limited to one 
interesting result. Whereas they found that the phosphorus atom can function as a 
ligand to either one or two gold(I) chloride fragments, very different chemistry was 
found for the cations in this report. The reaction of [P(MebNHC)][OTf] with equimolar 
amounts of gold(I) chloride generates a mixture of products (as assessed by 1H and 
13C{1H} NMR spectroscopy) but exhibiting only a single peak at −86 ppm in the 31P 
NMR spectrum. The phosphorus-containing product of the reaction was successfully 
characterized by SCXRD as the salt [Au{P(MebNHC)}2][OTf]2[Cl]: the C2-symmetric 
cation (Figure 2-4) consists of a gold(I) ion ligated by two [P(MebNHC)]+ cations and 
there are two outer sphere [OTf]− anions and a weakly-coordinated [Cl]− anion (Au−Cl 
= 3.0672(11) Å) in the formula unit. The tricationic fragment adopts a transoid 
geometry with Au−P bonds of 2.3329(9) Å, and a P−Au−P angle of 170.71(4)°. The 
P−C distances within the ligands lengthen considerably upon coordination, which is 
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consistent with decreased negative hyperconjugation as the -type lone pair on P 
binds the metal. Otherwise, the overall ligand geometry remains relatively unchanged 
upon coordination and it is likely that the considerably smaller size of [P(MebNHC)]+ 
allows for the simultaneous attachment of two ligands to a single metal site. It is 
perhaps worth noting that although there are a large number of similar 
bis(phosphine) gold(I) ions in the Cambridge Structural Database,27 there are only a 
handful of known bis(phosphanides) gold complexes; the Au−P distances and angles 
in [Au{P(MebNHC)}2]3+ are consistent with those of comparable gold(I) 
phosphanides.28 
 
Figure 2-4: Thermal ellipsoid plot (50% probability surface) of [Au{P(MebNHC)}2][OTf]2[Cl]. 
Anions and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): 
Au−P, 2.3329(9); P−Au−P', 170.71(4); P−C1, 1.817(3); P−C11, 1.818(4); C1−P−C11, 
92.08(15). 
Attempts to assess the donor ability of [P(MebNHC)]+ experimentally using 
[Rh(CO)2Cl]2 to furnish Vaska-type complexes were inconclusive and are complicated 
by the rapid evolution of CO from the reaction mixtures and lability of [P(MebNHC)]+ 
(see Synthetic Information for details). FT-IR spectroscopy and ligand exchange 
reactions of the resultant material suggest that the cations might be comparable in 
donor strength to some phosphites or -mono-cationic phosphine ligands.29 
Moreover, computational models corroborate that assessment and suggest that 
[P(MebNHC)]+ is a donor comparable to PH3 (see A.10). 
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2.3  Conclusions 
In summary, a convenient synthetic approach to fused tricyclic 2-
phosphaallylic cations is reported and it appears that the constraints of the cyclic 
system do indeed increase the degree of -delocalization within the compounds with 
respect to acyclic phosphamethine cyanine dye analogues. Most importantly, the 
resultant molecules exhibit remarkable stability toward air and moisture that should 
finally allow for the practical application of these functional dyes. Calculations 
suggest that these species can still be considered as carbene-ligated PI ions in spite of 
their more planar structures. The [Br]− salts are suitable for metathesis reactions and 
preliminary results from coordination chemistry demonstrate different behaviour 
than any other analogues. Further investigations of the photophysical and chemical 
properties of these and related species are underway. 
2.4  Experimental 
2.4.1  General Remarks 
All manipulations were carried out using standard inert atmosphere 
techniques. All chemicals and reagents were purchased from Sigma Aldrich and used 
without further purification. Deuterated solvents were dried according to literature 
procedures when necessary and all other solvents were dried over a series of Grubbs’-
type columns and degassed prior to use.30 [Pdppe][Br]21 and [(RbNHC)H2][Br]231 
were synthesized according to literature procedures. NMR spectra were recorded at 
room temperature on a Bruker Avance III 500 MHz, Bruker Avance Ultrashield 300 
MHz, or Bruker Avance DPX 300 MHz spectrometers. Chemical shifts are reported in 
ppm relative to internal standards for 1H and 13C (the given deuterated solvent) and 
external standards for 11B (Et2O·BF3), 19F (CCl3F), and 31P (85% H3PO4). Coupling 
constants |J| are given in Hz. Melting points were recorded on samples sealed in glass 
capillaries under dry N2 using an Electrothermal® melting point apparatus. HR-ESI-
MS and elemental analysis were performed by the University of Windsor Mass 
Spectrometry Service Laboratory using a Micromass LCT mass spectrometer and 
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Perkin Elmer 2400 combustion CHN analyzer, respectively. Cyclic voltammetry was 
performed in dry MeCN solutions using a [NBu4][PF6] electrolyte (0.1 M) with an 
analyte concentration of about 0.01 M. A glassy carbon electrode, a platinum wire, 
and an Ag/AgCl electrode were used as the working, auxiliary, and reference 
electrodes, respectively. The experiments were run with a scan rate of 100 mV·s−1 
and a sensitivity of 100 μA·V−1. The reported potentials are referenced to 
ferrocene/ferrocenium (E1/2 = 0.0 V). 
2.4.2  Synthetic Information 
 General synthesis of [P(RbNHC)][Br]: A cold solution of [K][N(TMS)2] in THF 
is added to a suspension of an equimolar quantity of the given bis(imidazolium) salt 
in THF at −78 °C and stirred for two hours at −78 °C. A cold suspension of [Pdppe][Br] 
in THF is then added to the mixture at −78 °C and stirred for an additional hour before 
being allowed to warm to room temperature. All volatiles are then removed under 
reduced pressure and MeCN is added to the resulting residue. The orange MeCN 
solution is then filtered through Celite® and all volatiles are removed under reduced 
pressure. Toluene or Et2O is added to the residue and the mixture is sonicated to yield 
an orange suspension. The mixture is then filtered to collect the precipitated product, 
which is washed with toluene or Et2O and dried under reduced pressure. 
[P(MebNHC)][Br]: Reagents: [K][N(TMS)2] (0.425 g, 2.13 
mmol); [(MebNHC)H2][Br]2 (0.300 g, 0.887 mmol); [Pdppe][Br] 
(0.450 g, 0.883 mmol). Recrystallization by slow evaporation of 
an MeCN solution yielded crystals suitable for SCXRD. Yield: 
60% (0.152 g, 0.529 mmol). 31P{1H} NMR (CDCl3, 202.5 MHz) δ: −83.3 (s). 13C{1H} 
NMR (CDCl3, 125.8 MHz) δ: 35.0 (d, 3JCP = 11.3, CH3), 59.1 (s, NCH2N), 119.9 (s, Imid), 
122.7 (s, Imid), 160.9 (d, 1JCP = 76.9, PCN). 1H NMR (CDCl3, 500.1 MHz) δ: 3.61 (d, 
4JHP = 1.2, 6H, CH3), 6.66 (d, 4JHP = 0.9, 2H, NCH2N), 7.19 (m, 2H, Imid), 7.83 (m, 2H, 
Imid). Mp: 170 °C (decomposition). Elemental Analysis: calculated for C9H12N4PBr: 
C, 37.65; H, 4.21; N, 19.52, found: C, 37.83; H, 4.32; N, 18.18. HR-ESI-MS: calculated 
for [C9H12N4P]+ m/z = 207.0800, found: 207.0802. 
CHAPTER 2: 
Chelating Bis(N-Heterocyclic Carbene) Adducts of Phosphorus(I) Cations 
 47 References begin on page 55 
[P(BnbNHC)][Br]: Reagents: [K][N(TMS)2] (0.122 g, 
0.612 mmol); [(BnbNHC)H2][Br]2 (0.150 g, 0.306 mmol); 
[Pdppe][Br] (0.120 g, 0.236 mmol). Yield: 97% (0.100 g, 
0.228 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: −81.8 
(s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 51.6 (d, NCH2Ph, 3JCP = 10.9), 59.5 (s, 
NCH2N), 119.7 (s, Imid), 122.3 (s, Imid), 128.0 (s, Ar), 128.7 (s, Ar), 129.0 (s, Ar), 134.6 
(s, Ar), 161.0 (d, 1JCP = 75.9, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 5.07 (s, 4H, 
ArCH2N), 5.94 (s, 2H, NCH2N), 7.30 (m, 10H, Ar), 7.39 (s, 2H, Imid), 7.41 (s, 2H, Imid). 
Mp: 205 °C (decomposition). Elemental Analysis: calculated for C21H20N4PBr: C, 
57.41; H, 4.59; N, 12.75, found: C, 57.53; H, 4.75; N, 12.71. HR-ESI-MS: calculated for 
[C21H20N4P]+ m/z = 359.1425, found: 359.1423. 
[P(nBubNHC)][Br]: Reagents: [K][N(TMS)2] (0.142 g, 0.711 
mmol); [(nBubNHC)H2][Br]2 (0.150 g, 0.355 mmol); [Pdppe][Br] 
(0.153 g, 0.300 mmol). Yield: 81% (0.090 g, 0.24 mmol). 
31P{1H} NMR (CD3CN, 202.5 MHz) δ: −83.1 (s). 13C{1H} NMR 
(CD3CN, 125.8 MHz) δ: 13.8 (s, CH3), 20.2 (s, CH2CH2CH3), 31.6 (s, CH2CH2CH2), 49.0 
(d, 3JCP = 10.4, NCH2CH2), 60.2 (s, NCH2N), 120.3 (s, Imid), 122.9 (s, Imid), 161.4 (d, 
1JCP = 75.6, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 0.93 (t, 3JHH = 7.5, 6H, CH3), 1.33 
(tq, 3JHH = 7.5, 3JHH = 7.5, 4H, CH2CH2CH3), 1.75 (tt, 3JHH = 7.5, 3JHH = 7.5, 4H, CH2CH2CH3), 
3.87 (t, 3JHH = 7.5, NCH2CH2), 5.99 (s, 2H, NCH2N), 7.24 (s, 2H, Imid), 7.36 (s, 2H, Imid). 
Mp: 155 °C (decomposition). Elemental Analysis: calculated for C15H24N4PBr: C, 
48.53; H, 6.51; N, 15.09, found: C, 48.86; H, 6.39; N, 14.95. HR-ESI-MS: calculated for 
[C15H24N4P]+ m/z = 291.1739, found: 291.1736. 
[P(MebNHC)][OTf]: TMS-OTf (0.253 mL, 1.40 mmol) was added 
by syringe to a stirring suspension of [P(MebNHC)][Br] (0.403 g, 
1.40 mmol) in toluene (40 mL). The solution immediately turned 
a darker colour and an oily orange solid formed. After ten 
minutes of further stirring, any volatiles were removed under reduced pressure 
yielding a light orange powder. Recrystallization by slow evaporation of DCM yielded 
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crystals suitable for SCXRD. Yield: 86% (0.432 g, 1.21 mmol). 31P{1H} NMR (CD3CN, 
500.1 MHz) δ: −85.0 (s). 19F{1H} NMR (CD3CN, 470.5 MHz) δ: −79.5 (s, CF3). 13C{1H} 
NMR (CD3CN, 125.8 MHz) δ: 35.7 (d, 3JCP = 12.7, CH3), 61.0 (d, 3JCP = 2.5, NCH2N), 
120.2 (d, 3JCP = 3.8, Imid), 122.5 (q, 1JCF = 320.7, CF3), 124.5 (d, 3JCP = 1.6, Imid), 162.2 
(d, 1JCP = 73.3, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 3.52 (s, 6H, CH3N), 5.86 (s, 2H, 
NCH2N), 7.18 (m, 2H, Imid), 7.22 (m, 2H, Imid). Elemental Analysis: calculated for 
C10H12F3N4O3PS: C, 33.71; H, 3.40; N, 15.73, found: C, 33.45; H, 3.34; N, 13.56. Cyclic 
Voltammetry: Ep(ox) = +0.341 V 
[P(BnbNHC)][OTf]: TMS-OTf (0.062 mL, 0.34 mmol) was 
added by syringe to a stirring suspension of 
[P(BnbNHC)][Br] (0.150 g, 0.341 mmol) in toluene (20 
mL). The solution immediately turned a darker colour 
and an oily orange solid formed. After ten minutes of further stirring, any volatiles 
were removed under reduced pressure yielding a light orange powder. Yield: 98% 
(0.171 g, 0.336 mmol). 31P{1H} NMR (CDCl3, 202.5 MHz) δ: −81.2 (s). 19F{1H} NMR 
(CDCl3, 470.5 MHz) δ: −78.4 (s, CF3). 13C{1H} NMR (CDCl3, 125.8 MHz) δ: 52.2 (d, 
3JCP = 10.8, NCH2Ph), 59.0 (d, 3JCP = 3.1, NCH2N), 120.1 (d, 3JCP = 3.4, Imid), 120.7 (q, 
1JCF = 320.3, CF3), 122.0 (s, Ar), 128.4 (d, 3JCP = 2.0, Imid), 129.1 (s, Ar), 129.3 (s, Ar), 
133.4 (s, Ar), 160.9 (d, 1JCP = 77.6, PCN). 1H NMR (CDCl3, 500.1 MHz) δ: 5.01 (s, 4H, 
ArCH2N), 6.20 (s, 2H, NCH2N), 7.10 (m, 2H, Imid), 7.28−7.35 (m, 10H, Ar), 7.50 (m, 2H, 
Imid). Elemental Analysis: calculated for C21H20N4PSO3F3: C, 51.97; H, 3.96; N, 11.02, 
found: C, 52.80; H, 4.15; N, 10.83. 
[P(BnbNHC)][BPh4] A solution of [Na][BPh4] (0.183 g, 
0.535 mmol) in THF (10 mL) was added to a stirring 
suspension of [P(BnbNHC)][Br] (0.235 g, 0.535 mmol) in 
THF (10 mL) and stirred overnight. The mixture was 
filtered through Celite®, and the filter-cake was washed with THF (2 x 5 mL). Removal 
of THF was done under reduced pressure, and the resulting residue was suspended 
in toluene (20 mL), collected by filtration, washed with toluene (3 x 5 mL) and dried 
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under reduced pressure to yield the product. Recrystallization by slow evaporation 
of THF or DCM solutions yielded crystals suitable for SCXRD. Yield: 98% (0.354 g, 
0.522 mmol). 31P{1H} NMR (CD2Cl2, 202.5 MHz) δ: −81.9 (s). 13C{1H} NMR (CD2Cl2, 
125.8 MHz) δ: 52.3 (d, NCH2Ph, 3JCP = 11.6), 58.6 (s, NCH2N), 119.6 (d, 3JCP = 3.5, Imid), 
121.5 (s, Ar), 122.6 (s, Ar), 126.3 (d, 3JCP = 2.6, Imid), 128.5 (s, Ar), 129.4 (s, Ar), 129.6 
(s, Ar), 133.7 (s, Ar), 136.2 (s, Ar), 160.8 (d, 1JCP = 76.5, PCN), 164.5 (q, 1JCB = 49.2, 
BPhipso).11B NMR (CD2Cl2, 160.5 MHz) δ: −6.2 (s). 1H NMR (CD2Cl2, 500.1 MHz) δ: 
4.07 (s, 2H, NCH2N), 4.86 (s, 4H, ArCH2N), 6.27 (m, Imid), 6.64 (m, Imid), 6.85(m, 4H, 
BPh4), 7.00 (m, 8H, BPh4), 7.24 (m, Ar), 7.44 (m, Ar), 7.46 (br, 8H, BPh4). Elemental 
Analysis: calculated for C45H40N4PB: C, 79.65; H, 5.94; N, 8.26, found: C, 79.4; H, 6.21; 
N, 7.63. 
[Au{P(MebNHC)}2][OTf]2[Cl]: A solution of 
[P(MebNHC)][OTf] (0.154 g, 0.431 mmol) in DCM (10 
mL) was added to a suspension of AuCl (0.050 g, 0.22 
mmol) in DCM (15 mL). The reaction mixture was stirred 
overnight, after which all volatiles were removed under 
reduced pressure. MeCN (5 mL) was added to the 
residue, resulting in a yellow solution that was filtered. DCM (20 mL) was added to 
the stirring filtrate, which resulted in the formation of a yellow precipitate. This was 
collected by filtration, washed with DCM (2 x 2 mL) and allowed to dry under reduced 
pressure. Recrystallization by slow evaporation of an MeCN solution yielded crystals 
suitable for SCXRD. Yield: 35% (0.070 g, 0.74 mmol). 31P{1H} NMR (CD3CN, 202.5 
MHz) δ: −86.2 (s). 19F{1H} NMR (CD3CN, 470.5 MHz) δ: −79.5 (s, CF3). 13C{1H} NMR 
(CD3CN, 125.8 MHz) δ: 36.8 (d, 3JCP = 11.7, CH3), 61.3 (d, 3JCP = 3.4, NCH2N), 122.4 (q, 
1JCF = 320.8, CF3), 122.8 (d, 3JCP = 3.1, Imid), 125.8 (s, Imid), 154.4 (d, 1JCP = 56.1, PCN). 
1H NMR (CD3CN, 500.1 MHz) δ: 3.71 (s, 6H, CH3N), 6.17 (s, 2H, NCH2N), 7.34 (m, 4H, 
Imid), 7.47 (m, 4H, Imid). Elemental Analysis: calculated for C20H24AuClF6N8O6P2S2: 
C, 25.42; H, 2.56; N, 11.86, found: C, 25.79; H, 2.31; N, 10.22. HR-ESI-MS: the 
tricationic complex was not observed but the free ligand was confirmed; calculated 
for [C9H12N4P]+ m/z = 207.0800, found: 207.0798. 
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 When the reaction was conducted with a 1:1 ratio of [P(MebNHC)][OTf] (0.150 
g, 0.420 mmol) to AuCl (0.098 g, 0.422 mmol), 1H and 13C NMR spectra showed a 
mixture of [Au{P(MebNHC)}2][OTf]2[Cl] and other product(s) in the crude material. 
Crude Yield: 74% (0.184 g collected) (the additional resonances are given but 
unassigned): 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 37.8 (s), 124.5 (s), 127.6 (s). 1H 
NMR (CD3CN, 500.1 MHz) δ: 4.15 (s), 7.63 (m), 7.78 (m). 
 Notes regarding NMR and IR studies on reactions of [P(MebNHC)]+ salts 
with rhodium(I) complexes: An orange solution of [P(MebNHC)][OTf] (0.100 g, 
0.280 mmol) in acetonitrile (2 mL) was added to a yellow solution of [Rh(CO)2(μ-Cl)]2 
(0.054 g, 0.14 mmol) in MeCN (2 mL). The reaction mixture immediately turned dark 
brown. THF (15 mL) was added to the reaction mixture, and the brown precipitate 
was collected by filtration and washed with THF (2 x 2 mL). The 31P{1H} NMR 
spectrum of the precipitate showed a broad resonance at −21.1 ppm along with minor 
peaks at −6.3 ppm and 4.3 ppm. The IR spectrum of the precipitate revealed a single 
broad absorption in the carbonyl region at 1992 cm−1; no other peaks were observed 
in the carbonyl region (ca. 2200 cm−1 to 1600 cm−1). These data suggest that 
[P(MebNHC)]+ cations react with [Rh(CO)2(μ-Cl)]2 with the elimination of CO to 
produce either centrosymmetric dimers of the form trans-[Rh(CO)(μ-Cl) 
{P(MebNHC)}]22+ or trans-[Rh(CO)(Cl){μ-P(MebNHC)}]22+; solvent complexes of the 
form [Rh(CO)Cl{P(MebNHC)} (solvent)]+; or Vaska’s-like complexes of the form 
[Rh(CO)Cl{P(MebNHC)}2]2+. For the product isolated from the 2:1 reaction of 
[P(MebNHC)][OTf] with [Rh(CO)2(μ-Cl)]2, microanalysis suggests that the product is 
trans-[Rh(CO)(μ-Cl){P(MebNHC)}]2[OTf]2 or trans-[Rh(CO)(Cl){μ-P(MebNHC)}]22+ 
(calculated for C22H24Cl2F6N8O8P2Rh2S2: C, 25.28; H, 2.31; N, 10.72, found: C, 25.29; H, 
2.24; N, 9.14.) The addition of excess [P(MebNHC)][OTf] to that material produced a 
brown solution that featured a very broad signal in the 31P NMR signal at ca. −66 ppm, 
but this compound appeared to be very labile in solution and decomposes even in the 
solid state. 
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The addition [P(MebNHC)][OTf] in acetonitrile to [Rh(CO)Cl(PPh3)2] resulted in no 
reaction as determined by the 31P{1H} NMR spectrum, which featured a resonance at 
−80.5 ppm (corresponding to [P(MebNHC)]+) and broad signal around 30.6 ppm at 
313 K (consistent with the [Rh(CO)Cl(PPh3)2] starting material).32 The latter peak 
sharpened to give a doublet at 29.9 ppm (1JPRh = 121 Hz) at 233 K and the signal for 
[P(MebNHC)]+ shifts slightly to −86.8 ppm. 
 An orange solution of [P(BnbNHC)][BPh4] (0.023 g, 0.052 mmol) in 
acetonitrile (2 mL) was added to a yellow solution of [Rh(CO)2(μ-Cl)]2 (0.010 g, 0.026 
mmol) in acetonitrile (2 mL). The reaction mixture immediately turned dark brown. 
The 31P {1H} NMR spectrum of this solution featured one resonance at −17.3 ppm. The 
IR spectrum of the evaporated reaction mixture showed a single broad absorption at 
1992 cm-1 in the carbonyl region. Treatment of this solution with excess PPh3 resulted 
in the appearance of a broad resonance at 30.7 ppm and a singlet at −82.4 ppm in the 
31P {1H} NMR spectrum; these chemical shifts are consistent with the displacement of 
[P(BnbNHC)]+ by PPh3. The IR spectrum of the evaporated mixture revealed an 
intense, sharp carbonyl absorption at 1974 cm-1, which is also consistent with the 
production of [Rh(CO)Cl(PPh3)2].33 
 Overall, solubility problems and lability of the complexes hinder the analysis 
of the complexation experiments with rhodium(I). The signals for the complexes in 
solution 1H and 13C NMR spectra were always broad and EPR experiments did not 
reveal the presence of any paramagnetic species. Regardless of the actual identity of 
the products in solution, the ligand exchange reactions indicate unambiguously that 
the [P(RbNHC)]+ cations are weaker ligands than PPh3 and the chemical behaviour 
and physical data from the complexes suggest that the electronic properties of these 
ligands are perhaps most comparable to those of some phosphites or α-cationic 
phosphine ligands.29 This assessment is bolstered by less-ambiguous evidence from 
the computational investigation of nickel tricarbonyl complexes, which suggest that 
[P(MebNHC)]+ ligands have electronic effects that are almost identical to those of PH3. 
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2.4.3  Computational Details 
Calculations were performed with the Gaussian 09 suite of programs34 using 
Compute Canada's Shared Hierarchical Academic Research Computing Network 
(SHARCNET). All model complexes were fully optimized with no symmetry 
constraints using the PBE1PBE DFT method35–37 in conjunction with the TZVP basis 
sets for all atoms.38,39 Frequency calculations were also performed at the same level 
of theory in order to confirm that the optimized structures were minima on the 
potential energy hypersurface and to determine thermochemical information. NBO 
analyses26 to determine orbital contributions, Wiberg Bond Indices, and orbital 
energies were obtained using the routine included in the Gaussian distributions.40 
TDDFT calculations on the optimized structures were conducted using the PBE1PBE 
DFT method using the 6-311+G(2d,p) basis sets for all atoms.41 Geometry 
optimizations were started using models in which the relevant phosphorus, nitrogen 
and carbon atoms were placed a the positions found experimentally using X-ray 
crystallography and the hydrogen atoms were placed in geometrically appropriate 
positions using Gaussview.42 Summaries of the calculated results, including cartesian 
coordinates, are presented in Appendix A: Supplementary Information for Chapter 
2. 
2.4.4  X-ray Crystallography 
Crystals for investigation were covered in Nujol®, mounted onto a goniometer 
head, and then rapidly cooled under a stream of cold N2 of the low-temperature 
apparatus (Oxford Cryostream) attached to the diffractometer. The data were then 
collected using the APEXII software suite43 on a Bruker Photon 100 diffractometer 
using a graphite monochromator with MoKα radiation (λ = 0.71073 Å). For each 
sample, a hemisphere of data was collected using 10 or 30 seconds/frame at 173 K. 
APEXII software was used for data reductions and SADABS44 was used for absorption 
corrections (semi-empirical from equivalents). Structures were solved and refined 
using the SHELX45 suite of programs as implemented by WinGX46. Validation of the 
structures was conducted using PLATON.47  
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Table 2-2: Crystal data and structure refinement. 
Crystal Structure 
3[P(MebNHC)] 
[Br]·MeCN 
[P(BnbNHC)] 
[Br] 
[P(BnbNHC)] 
[BPh4]·THF 
CCDC 1042843 1042844 1042846 
Empirical 
formula 
C29H39Br3N13P3 C21H20BrN4P C49H48BN4OP 
Formula weight 902.37 439.29 750.69 
Temperature (K) 173(2) 173(2) 173(2) 
Crystal system triclinic monoclinic triclinic 
Space group P-1 P21/c P-1 
a (Å) 10.1735(3) 12.2388(9) 11.0003(4) 
b (Å) 12.6747(4) 4.8281(4) 13.6439(5) 
c (Å) 16.2901(5) 33.905(3) 14.0585(5) 
α (°) 83.7780(10) 90 77.876(2) 
β (°) 72.5960(10) 98.268(3) 79.118(2) 
γ (°) 73.1770(10) 90 87.493(2) 
Volume (Å3) 1918.05(10) 1982.6(3) 2025.82(13) 
Z 2 4 2 
ρcalc (g·cm−3) 1.562 1.472 1.231 
μ (mm−1) 3.320 2.167 0.111 
F(000) 908.0 896.0 796.0 
Crystal size 
(mm3) 
0.231 × 0.209 × 0.117 0.090 × 0.078 × 0.033 0.350 × 0.300 × 0.210 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.8 to 55.826 6.294 to 49.438 5.756 to 56.998 
Index ranges 
-13 ≤ h ≤ 13 
-16 ≤ k ≤ 16 
-21 ≤ l ≤ 21 
-14 ≤ h ≤ 14 
-5 ≤ k ≤ 5 
-39 ≤ l ≤ 39 
-14 ≤ h ≤ 14 
-18 ≤ k ≤ 18 
-18 ≤ l ≤ 18 
Reflections 
collected 
36505 32239 93422 
Independent 
reflections 
9153 
Rint = 0.0494 
Rsigma = 0.0423 
3385 
Rint = 0.0568 
Rsigma = 0.0269 
10259 
Rint = 0.0483 
Rsigma = 0.0239 
Data/restraints 
/parameters 
9153/0/439 3385/0/244 10259/37/550 
Goodness-of-fit 
on F2 
1.028 1.069 1.038 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0318 
wR2 = 0.0647 
R1 = 0.0270 
wR2 = 0.0593 
R1 = 0.0524 
wR2 = 0.1356 
Final R indexes 
[all data] 
R1 = 0.0502 
wR2 = 0.0718 
R1 = 0.0361 
wR2 = 0.0634 
R1 = 0.0696 
wR2 = 0.1503 
Largest diff. 
peak/hole (e·Å−3) 
0.50/-0.33 0.30/-0.25 0.57/-0.45 
Flack parameter n/a n/a n/a 
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Table 2-3: Crystal data and structure refinement. 
Crystal Structure 
[P(BnbNHC)] 
[BPh4]·DCM 
[P(MebNHC)] 
[OTf] 
[Au{P(MebNHC)}2] 
[OTf]2[Cl] 
CCDC 1042847 1042845 1042848 
Empirical 
formula 
C46H42BCl2N4P C10H12F3N4O3PS C20H24AuClF6N8O6P2S2 
Formula weight 763.51 356.27 944.95 
Temperature (K) 153(2) 173(2) 173(2) 
Crystal system triclinic triclinic monoclinic 
Space group P-1 P-1 C2/c 
a (Å) 11.0120(4) 8.2477(3) 20.7657(7) 
b (Å) 13.4813(5) 8.4833(3) 14.6302(7) 
c (Å) 13.8114(4) 10.7821(4) 13.2427(5) 
α (°) 78.513(2) 97.8660(10) 90 
β (°) 77.1380(10) 104.3960(10) 123.628(2) 
γ (°) 87.889(2) 93.2520(10) 90 
Volume (Å3) 1958.84(12) 720.59(5) 3349.9(2) 
Z 2 2 4 
ρcalc (g·cm−3) 1.294 1.642 1.874 
μ (mm−1) 0.246 0.387 4.772 
F(000) 800.0 364.0 1840.0 
Crystal size 
(mm3) 
0.270 × 0.263 × 0.205 0.332 × 0.236 × 0.125 0.210 × 0.101 × 0.079 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.888 to 55 5.772 to 71.322 6.05 to 55 
Index ranges 
-14 ≤ h ≤ 14 
-17 ≤ k ≤ 17 
-17 ≤ l ≤ 17 
-10 ≤ h ≤ 13 
-13 ≤ k ≤ 13 
-17 ≤ l ≤ 17 
-26 ≤ h ≤ 26 
-18 ≤ k ≤ 18 
-17 ≤ l ≤ 17 
Reflections 
collected 
67652 19018 61590 
Independent 
reflections 
8984 
Rint = 0.0499 
Rsigma = 0.0301 
6604 
Rint = 0.0408 
Rsigma = 0.0550 
3862 
Rint = 0.0393 
Rsigma = 0.0142 
Data/restraints 
/parameters 
8984/0/487 6604/0/201 3862/18/212 
Goodness-of-fit 
on F2 
1.039 1.042 1.069 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0560 
wR2 = 0.1545 
R1 = 0.0530 
wR2 = 0.1229 
R1 = 0.0293 
wR2 = 0.0798 
Final R indexes 
[all data] 
R1 = 0.0695 
wR2 = 0.1660 
R1 = 0.0815 
wR2 = 0.1377 
R1 = 0.0308 
wR2 = 0.0810 
Largest diff. 
peak/hole (e·Å−3) 
2.15/-0.78 0.64/-0.37 1.63/-1.17 
Flack parameter n/a n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
CHAPTER 2: 
Chelating Bis(N-Heterocyclic Carbene) Adducts of Phosphorus(I) Cations 
 55 
2.5  References 
(1)  Jutzi, P. Angew. Chem. Int. Ed. Engl. 1975, 14, 232–245. 
(2)  Dimroth, K.; Grief, N.; Klapproth, A. Justus Liebigs Ann. Chem. 1975, 1325, 373–
386. 
(3)  Allmann, R. Angew. Chem. Int. Ed. Engl. 1965, 4, 150–151. 
(4)  Allmann, R. Chem. Ber. 1966, 99, 1332–1340. 
(5)  Stey, T.; Pfeiffer, M.; Henn, J.; Pandey, S. K.; Stalke, D. Chem. - A Eur. J. 2007, 13, 
3636–3642. 
(6)  Hoge, B.; Wiebe, W. Angew. Chem. Int. Ed. 2008, 47, 8116–8119. 
(7)  Steiner, A.; Stalke, D. Organometallics 1995, 14, 2422–2429. 
(8)  Steiner, A.; Stalke, D. J. Chem. Soc., Chem. Commun. 1993, 6, 444. 
(9)  Pfeiffer, M.; Baier, F.; Stey, T.; Leusser, D.; Stalke, D.; Engels, B.; Moigno, D.; 
Kiefer, W. J. Mol. Model. 2000, 6, 299–311. 
(10)  Ellis, B. D.; Dyker, C. A.; Decken, A.; Macdonald, C. L. B. Chem. Commun. 2005, 
1965–1967. 
(11)  Ellis, B. D.; Macdonald, C. L. B. Coord. Chem. Rev. 2007, 251, 936–973. 
(12)  Swidan, A. M.Sc. Thesis, University of Windsor 2013. 
(13)  Schwedtmann, K.; Holthausen, M. H.; Feldmann, K.-O.; Weigand, J. J. Angew. 
Chem. Int. Ed. 2013, 52, 14204–14208. 
(14)  Kawada, I.; Allmann, R. Angew. Chem. Int. Ed. Engl. 1968, 7, 69–69. 
(15)  Schmidpeter, A.; Day, R. O.; Willhalm, A.; Holmes, J. M.; Holmes, R. R. Angew. 
Chem. Int. Ed. Engl. 1985, 24, 764–765. 
(16)  Stey, T.; Henn, J.; Stalke, D. Chem. Commun. 2007, 413–415. 
(17)  Lindenberg, F.; Sieler, J.; Hey-hawkins, E. Phosphorus Sulfur Silicon Relat. Elem. 
2006, 108, 279–283. 
(18)  Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, 
E.; Rodriguez-Monge, L.; Taylor, R.; van de Streek, J.; Wood, P. A. J. Appl. 
Crystallogr. 2008, 41, 466–470. 
CHAPTER 2: 
Chelating Bis(N-Heterocyclic Carbene) Adducts of Phosphorus(I) Cations 
 56 References begin on page 55 
(19)  Ellis, B.; Carlesimo, M.; Macdonald, C. Chem. Commun. 2003, 64, 1946–1947. 
(20)  Ellis, B. D.; Macdonald, C. L. B. Inorg. Chem. 2006, 45, 6864–6874. 
(21)  Norton, E. L.; Szekely, K. L. S.; Dube, J. W.; Bomben, P. G.; Macdonald, C. L. B. 
Inorg. Chem. 2008, 47, 1196–1203. 
(22)  Herrmann, W.; Elison, M. Chem. - A Eur. J. 1996, 772–780. 
(23)  Back, O.; Henry-Ellinger, M.; Martin, C. D.; Martin, D.; Bertrand, G. Angew. Chem. 
Int. Ed. 2013, 52, 2939–2943. 
(24)  Xiong, Y.; Szilvási, T.; Yao, S.; Tan, G.; Driess, M. J. Am. Chem. Soc. 2014, 136, 
11300–11303. 
(25)  Appel, R.; Knoll, F.; Ruppert, I. Angew. Chem. Int. Ed. Engl. 1981, 20, 731–744. 
(26)  Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899–926. 
(27)  Allen, F. H.; Motherwell, W. D. S. Acta Crystallogr. B 2002, 58, 407–422. 
(28)  Gómez-Ruiz, S.; Wolf, R.; Bauer, S.; Bittig, H.; Schisler, A.; Lönnecke, P.; Hey-
Hawkins, E. Chem. - A Eur. J. 2008, 14, 4511–4520. 
(29)  Alcarazo, M. Chem. - A Eur. J. 2014, 20, 7869–7877. 
(30)  Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518–1520. 
(31)  Lee, H. M.; Lu, C. Y.; Chen, C. Y.; Chen, W. L.; Lin, H. C.; Chiu, P. L.; Cheng, P. Y. 
Tetrahedron 2004, 60, 5807–5825. 
(32)  Tsang, D. S.; Yang, S.; Alphonse, F.-A.; Yudin, A. K. Chem. - A Eur. J. 2008, 14, 886–
894. 
(33)  Roodt, A.; Otto, S.; Steyl, G. Coord. Chem. Rev. 2003, 245, 121–137. 
(34)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; 
Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Montgomery, J., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. 
J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, 
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. 
W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; 
CHAPTER 2: 
Chelating Bis(N-Heterocyclic Carbene) Adducts of Phosphorus(I) Cations 
 57 References begin on page 55 
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. 
V.; Cioslowski, J.; Fox, D. J. Gaussian 09; Gaussian, Inc.: Wallingford CT, 2009. 
(35)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865–3868. 
(36)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1997, 78, 1396. 
(37)  Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158–6170. 
(38)  Schafer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97, 2571–2577. 
(39)  Schafer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829–5835. 
(40)  Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; Bohmann, J. A.; 
Morales, C. M.; Landis, C. R.; Weinhold, F. NBO 6.0; Theoretical Chemistry 
Institute, University of Wisconsin: Madison, WI, 2013. 
(41)  Curtiss, L. A.; McGrath, M. P.; Bladeau, J. P.; Davis, N. E.; Binning, R. C.; Radom, L. 
J. Chem. Phys. 1995, 103, 6104–6113. 
(42)  Gaussview 3.0; Gaussian Inc: Pittsburgh, 2003. 
(43)  APEX II; Bruker AXS Inc.: Madison, WI, 2012. 
(44)  SADABS; Bruker AXS Inc.: Madison, WI, 2008. 
(45)  Sheldrick, G. M. Acta Crystallogr. A 2008, 64, 112–122. 
(46)  Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837–838. 
(47)  Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7–13. 
 
 
  58 References begin on page 77 
CHAPTER 3: 
A Simple Route to Phosphamethine Cyanines from 
S,N-Heterocyclic Carbenes 
3.1  Introduction 
Phosphamethine cyanine dyes are compounds of historic importance in main 
group chemistry and inorganic chemistry as a whole.1 The crystal structure of the 
cation in bis(N-ethylbenzothiazole(2))-phosphamethine cyanine perchlorate 
[P(EtTZB)2][ClO4] exhibited the first reported dicoordinate phosphorus environment 
and it furnished the first concrete evidence of 3p-2p -bonding!2 In spite of this 
significance, until recently, few examples of these cations had ever been 
crystallographically characterized. The study of their reactivity has also remained 
relatively unexplored. The dearth of investigations was likely a consequence of the 
synthetic challenges associated with their isolation and because they are very 
sensitive to air and moisture. 
 
Figure 3-1: Canonical structures for phosphamethine cyanine cations/SNHC-stabilized 
phosphorus(I) cations. 
Nearly 50 years after Dimroth’s seminal report, we presented the safe, high 
yielding synthesis of cations of the type [P(RNHCMe)2]+ starting from N-heterocyclic 
carbenes (NHCs) and a readily prepared triphosphenium precursor [Pdppe][X] (dppe 
= 1,2-bis(diphenylphosphino)ethane).3,4 In contrast to the planarity observed in the 
solid state structure of [P(EtTZB)2][ClO4] – which remains one of the few 
crystallographically characterized phosphamethine cyanines until this time – the 
structures of [P(RNHCMe)2]+ cations are distinctly non-planar so these systems were 
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described as NHC-ligated PI cations.5 More recently, we discovered that a chelating 
framework enhances the stability of these cations and thus may finally allow for the 
widespread development and application of such species as functional dyes.6 The 
short methylene bridge of [P(RbNHC)]+ also has a substantial effect on the molecular 
and electronic structures of the cations. As one might anticipate, the bridge enforces 
a much more co-planar arrangement of the NHC fragments and the C−P−C plane. Still, 
[P(RbNHC)]+ cations take on a butterfly conformations and natural bond orbital 
(NBO) analysis suggests that the PI assignment is still accurate for these cations. 
Over the last 20 years, carbenes have proven to be capable stabilizing ligands 
for main group moieties.7 In most of these cases, the carbenes employed were either 
NHCs or cyclic (alkyl)(amino)carbene (CAACs). In contrast, thiazol-2-ylidenes of the 
form RTZR' (also called S,N-heterocyclic carbene, SNHCs) have not seen much use in 
this regard. Most of the research involving SNHCs has been focused on their role as 
organocatalysts, for example, in benzoin condensations.8 While some transition 
metal-SNHC systems have emerged in recent years,9 these few examples still pale in 
comparison to the tremendous number of transition metal-NHC systems currently 
known. 
 
Figure 3-2: Structural depictions of an NHC (left), a CAAC (centre), and an SNHC (right). 
The disparity is presumably because replacement of one :NR fragment with 
the isolobal :S: fragment has a drastic effect on the properties of SNHCs (most 
importantly, their stability).10 The less electronegative sulfur atom is not as efficient 
at stabilizing the -type lone pair on carbon. Also, the lack of an exocyclic group on 
sulfur decreases the kinetic stability of the carbenic centre. In fact, SNHCs with N-
substituents smaller than 2,6-diisopropylphenyl tend to dimerize rapidly in solution, 
as described by the Wanzlick equilibrium.11 Usually, in these cases, only the resultant 
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electron-rich olefin (ERO) can be isolated in the solid state.12 Furthermore, the 
introduction of the large sulfur atom into the heterocyclic framework distorts the 
very stable geometry found in NHCs.10 Interestingly, the -accepting ability of SNHCs 
is significantly greater than that of NHCs, but they still retain strong -donating 
ability.13,14 In spite of the dearth of comparative studies between NHCs and SNHCs, 
their different steric and electronic properties suggest that they might engender 
significant differences in their main group element coordination complexes. 
A simple route to the generation of SNHCs is by deprotonation of thiazolium 
salts. Though these have been known for many years,15 many easily prepared N-
alkylthiazolium iodide salts of the form [(RTZR')H][I] have eluded structural and, in 
some cases, spectroscopic characterization. In this work, we report the synthesis, 
spectroscopic characterization, and structural data for a variety of these SNHC 
precursors. Most importantly, we report that SNHCs can be employed in our P+ 
transfer approach to yield phosphamethine cyanine salts.16 
3.2  Results and Discussion 
3.2.1  Synthesis and Characterization of [(RTZR')H][X] 
The systematic synthesis of N-alkylbenzothiazolium iodides [(RTZB)H][I] 
through the treatment of benzothiazole with alkyl iodides was described by Nigrey 
and Garito.17 More recently, this has been expanded upon by Rogers and co-workers.18 
Thus, spectroscopic data for a large library of these compounds have been compiled, 
but crystallographic data for many of these were never reported. During the course 
of our investigations, we were able to obtain crystal structures for several of these 
known compounds. Unlike the benzannulated derivatives, many N-alkyl-4,5-
dimethylthiazolium iodides, [(RTZMe)H][X], lack both crystallographic and 
spectroscopic data. For completeness, we have included full characterization data for 
all the dimethyl-backbone derivatives we prepared. All these salts were synthesized 
using the same solvent-free conditions described by Rogers and co-workers for the 
benzannulated derivatives (Scheme 3-1). Their 1H and 13C NMR data show similar 
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features, namely, the very large deshielding of the C1 carbon (ca. 145 ppm) and its 
bound proton (ca. 10.5 ppm). 
 
Scheme 3-1: Synthesis of [(RTZMe)H][I] (R = Me, Et, iPr, or nBu). 
As one might anticipate, the thiazolium salts are all structurally similar 
(Figure 3-3). The C−N bonds in all these examples range from 1.306(13) to 1.324(2) 
Å, and the C−S bonds range from 1.675(4) to 1.695(11) Å. The angle formed by these 
two bonds ranges from 111.90(15)° to 114.7(8)° and is slightly larger for the 
benzannulated cations. All of these parameters are consistent with known thiazolium 
cations reported in the Cambridge Structural Database.19 
 
Figure 3-3: Thermal ellipsoid plots (50% probability surface) of [(MeTZMe)H][I], 
[(EtTZMe)H][I], [(
iPrTZMe)H][I], [(EtTZB)H][I], and [(
nBuTZB)H][I] (staggered from left to right). 
Anions and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°) 
for [(MeTZMe)H][I]: C1−S, 1.681(2); C1−N, 1.324(2); C3−C4, 1.355(3); S−C1−N, 111.90(15). 
[(EtTZMe)H][I]: C1−S, 1.680(2); C1−N, 1.322(3); C3−C4, 1.354(3); S−C1−N, 112.21(18). 
[(
i
PrTZMe)H][I]: C1−S, 1.675(4); C1−N, 1.314(5); C3−C4, 1.350(5); S−C1−N, 113.0(3). 
[(EtTZB)H][I]: C1−S, 1.690(4); C1−N, 1.312(5); C2−C7, 1.400(5); S−C1−N, 114.5(3). 
[(
n
BuTZB)H][I]: C1−S, 1.695(11); C1−N, 1.306(13); C2−C7, 1.411(14); S−C1−N, 114.7(8). 
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3.2.2  Attempted Synthesis of Benzannulated Phosphamethine 
Cyanines 
Initially, benzannulated cations analogous to those prepared by Dimroth were 
targeted. It is well known that deprotonation of azolium salts generates electron-rich 
olefins and/or carbenes, depending on the steric and electronic properties of the 
carbene (Wanzlick equilibrium).20,21 We found that deprotonation of [(EtTZB)H][I] 
with potassium hydride grants the known dithiadiazafulvalene (EtTZB)2,22,23 with no 
trace of the carbene in the 13C NMR spectrum. The olefin (EtTZB)2 was recrystallized 
from a concentrated toluene solution to provide crystals suitable for single crystal X-
ray diffraction (SCXRD). Interestingly, (EtTZB)2 features structurally inequivalent 
thiazole rings that are not coplanar (Figure 3-4). One of the nitrogen atoms (N2) is 
distinctly pyramidal (the sum of the angles about N2 is 341.8(5)°) while the other 
(N1) is planar (the sum of the angles about N1 is 359.8(5)°). There are no apparent 
packing features in the structure that could cause such distortions to the geometry of 
the molecule, and the structure is accurately reproduced by the gas phase geometry 
optimizations performed at the PBE1PBE/TZVP level of theory (see B.1). 
 
Figure 3-4: Thermal ellipsoid plot (50% probability surface) of (EtTZB)2 (top). Hydrogen 
atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): C11−C21, 1.336(4); 
C11−S1, 1.771(3); C11−N1, 1.399(3); N1−C121, 1.451(3); C21−S2, 1.786(3); C21−N2, 
1.436(4); N2−C221, 1.475(4); C21−C11−N1−C121, 6.2(5); C11−C21−N2−C221, 74.4(3). 
Structure of (EtTZB)2 optimized at the PBE1PBE/TZVP level of theory (bottom). 
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Treatment of (EtTZB)2 with phosphorus triiodide resulted in a mixture of 
phosphorus-containing products, as determined by 31P NMR spectroscopy, none of 
which could be attributed to the phosphamethine cyanine cation [P(EtTZB)2]+. This 
prompted us to use [Pdppe][I] as a source of P+, but even under reflux the target 
phosphamethine cyanine cation [P(EtTZB)2]+ was not detected. In situ deprotonation 
of [(EtTZB)H][X] with potassium hydride in the presence of [Pdppe][I] also resulted in 
a mixture of products, but in this case, the 31P NMR data featured a peak at 33 ppm, 
consistent with [P(EtTZB)2]+. Its presence was further confirmed by HR-ESI-MS 
analysis, which revealed a peak at 357.0649 m/z. With this result in hand, we were 
able to extend this procedure to the 4,5-dimethyl-backbone thiazolium salts to 
produce the cations [P(RTZMe)2]+ (R = Me, Et, iPr, or nBu), but because [Pdppe][X] salts 
are not indefinitely stable in the presence of strong bases, a stepwise approach 
proved to be more appropriate. 
 
Scheme 3-2: Synthesis of [P(RTZMe)2][I] (R = Me, Et, iPr, or nBu). 
3.2.3  Synthesis and Characterization of [P(EtTZMe)2][I] 
Using a step-wise synthetic approach (Scheme 3-2), [P(EtTZMe)2][I] was 
synthesized and, after workup, isolated as a deep-red solid. Though thermally robust 
(melting at 186 °C), [P(EtTZMe)2][I] proved to be extremely unstable towards 
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moisture and air. Solutions of the salt exposed to air decomposed in minutes and 
exposed solids showed no trace of the cation by NMR spectroscopy over the course 
of hours. Though one might expect a “one-pot” approach to give mixed anion species 
([Br]− and [I]−), elemental analysis of the products showed unequivocally that the 
isolated bulk material was the [I]− salt. From a practical standpoint, if residual 
thiazolium salt remains present in the crude material, treatment of the crude salt 
mixture with additional potassium hydride in THF, followed by the described 
workup, grants analytically pure [P(EtTZMe)2][I]. 
The 31P NMR spectrum of [P(EtTZMe)2][I] features a singlet at 17 ppm, which 
is remarkably deshielded compared to imidazolyl-substituted phosphamethine 
cyanines (ca. −80 to −130 ppm).4,24 This provided the first indication that the 
phosphorus environments of these species are quite dissimilar. The relatively 
deshielded signal for the phosphorus atom in [P(EtTZMe)2]+ is undoubtedly a result of 
the far superior -accepting ability of SNHCs as compared to NHCs. Still, the 
benzannulated analogue [P(EtTZB)2]+ is even more deshielded (33 ppm) due to the 
superior π-accepting ability of benzannulated derivatives (in line with observations 
made by Heinicke25). The carbenic carbon atoms of [P(EtTZMe)2]+ resonate at 179 ppm 
in the 13C NMR spectrum and the magnitude of 1JCP is 87 Hz. Cyclic voltammetry was 
performed on [P(EtTZMe)2][I] in order to rank its donor ability against that of 
[P(MebNHC)]+, but the two show very different redox properties. Whereas 
[P(MebNHC)]+ shows a single irreversible oxidation at +0.341 V (vs Fc/Fc+),6 
[P(EtTZMe)2][I] shows two quasi-reversible oxidations at +0.241 V and −0.142 V. 
Pleochroic deep-red/yellow crystals of [P(EtTZMe)2][I] suitable for SCXRD 
were grown by slow evaporation of an MeCN solution. Remarkably, this is only the 
second bis(thiazolyl) phosphamethine cyanine salt ever structurally characterized. 
The salt crystallizes in the space group C2/c with half of each ion present in the 
asymmetric unit (Figure 3-5). The crystallographically identical P−C bonds in 
[P(EtTZMe)2][I] (1.7866(15) Å) are typical of delocalized 2-phosphaallylic species. 
These fall between the bond lengths observed in [P(EtTZB)2][ClO4] (1.75(4) Å and 
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1.75(7) Å)2 and [P(
iPrNHCMe)2][Cl] (1.824(2) and 1.823(2) Å).4 Similarly, the C−P−C 
angle in [P(EtTZMe)2][I] (102.23(10)°) falls between the larger C−P−C angle in 
[P(EtTZB)2][ClO4] (104.6(3)°) and the smaller C−P−C angle in [P(
iPrNHCMe)2][Cl] 
(97.35(9)°). The twisting of the heterocycles from the C-P-C plane (10.61°) is slightly 
greater than what is observed in [P(EtTZB)2][ClO4] (2.66° and 4.39°),2 but much 
smaller compared to that of [P(iPrNHCMe)2][Cl] (51.7 and 60.2) and [P(RbNHC)]+ 
(18.7 and 25.5).4,6 When all of these metrical parameters are considered, it is clear 
that the replacement of one :NR fragment by :S: has a dramatic effect on the 
phosphorus environment in SNHC-substituted systems. In contrast to NHC-
substituted derivatives, the PIII canonical structure seems to be the most fitting 
description for [P(EtTZMe)2]+. One other metrical parameter that is of interest in this 
system is the very short S∙∙∙S distance (2.970 Å), which is much shorter than the sum 
of the van der Waals radii (3.6 Å),26 consistent with an S∙∙∙S closed-shell interaction. 
 
Figure 3-5: Thermal ellipsoid plot (50% probability surface) of [P(EtTZMe)2][I] from two 
views. Anions and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and 
angles (°): P1−C1, 1.7866(15); C1−N2, 1.3573(18); C1−S5, 1.7177(15); S5−S5’, 2.970; 
C1−P1−C1’, 102.23(10). 
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In order to rationalize the structure and bonding of [P(EtTZMe)2]+, DFT 
calculations were performed at the PBE1PBE/TZVP level of theory. The geometry 
optimization correctly reproduces the slight twisting of the heterocycles from the 
C−P−C plane and all the other metrical parameters in very good agreement with the 
crystallographically determined structure. In contrast to the results obtained for the 
acyclic and even chelated bis(NHC)-stabilized phosphorus(I) ions,6 NBO analysis of 
the optimized structure of [P(EtTZMe)2]+ finds only one lone pair of electrons on 
phosphorus (in an orbital with 66.3% s-character and 33.7% p-character) and 
identifies the presence of both - and -bonds between phosphorus and carbon. This 
is in good accord with all of the experimental results and together provides a solid 
basis for assigning [P(EtTZMe)2]+ as a PIII compound. It is also worth noting that Atoms 
in Molecules (AIM) analysis identifies a bond-critical point between the two sulfur 
atoms consistent with the presence of an S∙∙∙S interaction that likely contributes to 
the almost planar conformation (see B.2). 
3.2.4  Synthesis and Characterization of [S2P(EtTZMe)2][I] 
Protection of the phosphorus centre in [P(EtTZMe)2][I] was accomplished by 
treatment with elemental sulfur. Accompanied by a colour change from deep-red to 
bright-yellow, the oxidized cation displays a 31P NMR resonance at 31 ppm. To our 
delight, this cation remains resistant towards air and moisture even after weeks of 
exposure. 
 
Scheme 3-3: Synthesis of [S2P(EtTZMe)2][I]. 
Slow evaporation of MeCN or DCM solutions of [S2P(EtTZMe)2][I] granted 
bright-yellow crystals suitable for SCXRD. The salt crystallizes in the space group 
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P21/n and the molecular structure of the cation is illustrated in Figure 3-6. The P−C 
bond lengths (1.8522(12) Å and 1.8494(13) Å) are considerably longer than those of 
[P(EtTZMe)2][I], and the C−P−C angle (95.86(5)°) is much smaller. Both suggest a 
reduction in the P−C bond order. The S−P distances (1.9514(5) Å and 1.9538(5) Å) 
are typical of those seen in dithiophosphinates.27–29 Interestingly, the SNHC rings are 
aligned almost perpendicularly to one another, precluding any type of S∙∙∙S 
interaction between the two rings. There is, however, a short S∙∙∙S distance between 
one of the SNHC sulfur atoms and a sulfur atom on phosphorus (3.2305(5) Å). 
[S2P(EtTZMe)2][I] represents a rare example of a cationic dithiophosphinate, related 
to the pyridyl-stabilized [PS2]+ ion reported by Meisel.30 
 
Figure 3-6: Thermal ellipsoid plot (50% probability surface) of [S2P(EtTZMe)2][I]. The anion 
and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): P1−S1, 
1.9514(5); P1−S2, 1.9538(5); P1−C11, 1.8522(12); P1−C21, 1.8494(13); C11−S12, 
1.6939(13); C21−S22, 1.6903(13); C11−N15, 1.3433(16); C21−N25, 1.3390(16); 
C11−P1−C21, 95.86(6); S1−P1−S2, 122.06(2). 
3.3  Conclusions 
In conclusion, we have reported spectroscopic and crystallographic data for a 
variety of N-alkyl thiazolium iodide salts that have hitherto eluded characterization. 
It was shown that deprotonation of these salts, followed by addition of [Pdppe][X], 
results in phosphamethine cyanine cations akin to those first reported by Dimroth. 
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These compounds have spectroscopic, structural, and electronic properties 
consistent with the original assignment as PIII species. Although the phosphamethine 
cyanine cations are highly air-sensitive, oxidation of the phosphorus centre by sulfur 
gives a protected dithiophosphinate cation that is air- and moisture-stable. Detailed 
investigations of the ligand chemistry and the photophysical properties of these 
compounds are ongoing. 
3.4  Experimental 
3.4.1  General Remarks 
All manipulations were carried out using standard inert atmosphere 
techniques. All chemicals and reagents were purchased from Sigma Aldrich and used 
without further purification. Deuterated solvents were dried according to literature 
procedure when necessary and all other solvents were dried over a series of Grubbs’-
type columns and degassed prior to use.31 [Pdppe][Br],3 [Pdppe][I],32 
[Pdppe][BPh4],32 [(EtTZB)H][I],18 and [(
nBuTZB)H][I]18 were synthesized according to 
literature procedures. NMR spectra were recorded at room temperature on a Bruker 
Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz, or Bruker Avance DPX 300 
MHz spectrometers. Chemical shifts are reported in ppm relative to internal 
standards for 1H and 13C (the given deuterated solvent) and external standards for 
and 31P (85% H3PO4). Coupling constants |J| are given in Hz. Elemental Analysis was 
performed at the University of Windsor Mass Spectrometry Service Laboratory using 
a Perkin Elmer 2400 combustion CHN analyzer. HR-ESI-MS was performed either at 
the University of Windsor Mass Spectrometry Service Laboratory using a Micromass 
LCT mass spectrometer or at the McMaster Regional Centre for Mass Spectrometry. 
Melting points were determined in sealed (under nitrogen) or open capillary tubes 
using an Electrothermal Mel-Temp® melting point apparatus. Cyclic voltammetry was 
performed in dry MeCN solutions using a [NBu4][PF6] (0.1 M) electrolyte with an 
analyte concentration of about 0.01 M. A glassy carbon electrode, a platinum wire, 
and an Ag/AgCl electrode were used as the working, auxiliary, and reference 
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electrodes, respectively. The experiments were run with a scan rate of 100 mV·s−1 
and a sensitivity of 100 μA·V−1. The reported potentials are referenced to 
ferrocene/ferrocenium (E1/2 = 0.0 V). 
3.4.2  Synthetic Information 
 Crystallizations of N-alkylbenzothiazolium iodide salts: Crystals suitable 
for SCXRD were grown from a 1:1 solution of MeCN:EtOH. 
Synthesis and crystallization of (EtTZB)2: A suspension of 
potassium hydride (5.334 g, 13.30 mmol) in THF (25 mL) was 
added to a stirring suspension of [(EtTZB)H][X] (3.850 g, 13.20 
mmol) in THF (50 mL) and refluxed overnight. After cooling, all 
volatiles were removed under reduced pressure. The resulting 
residue was extracted with toluene and filtered through Celite®. 
Removal of most of the solvent from the filtrate under reduced 
pressure granted a dark-red oil from which crystals of the olefin grew over a period 
of five days. Spectroscopic data are consistent with previous reports.22,23 
 General synthesis of [(RTZMe)H][I]: Thiazolium iodide salts were 
synthesized using a variation of a method reported by Rogers 4,5-dimethyl thiazole 
and a small excess (ca. 1.2 equivalents) of the given alkyl iodide is stirred and heated 
to 70 °C under nitrogen until most or all the liquid mixture is replaced by a white to 
off-white solid (one to four days, depending on the alkyl iodide). Once cooled to room 
temperature, the solid is triturated, washed with toluene, and dried under vacuum, 
affording the analytically pure material as off-white to white solids. Crystals suitable 
for SCXRD were grown from a solution of 1:1 EtOH:MeCN. 
[(MeTZMe)H][I]: Synthesis and spectroscopic data for this compound 
has been reported.33 Spectroscopic data reported therein are 
consistent with those acquired. Recrystallization by slow evaporation 
of a DCM solution afforded crystals suitable for SCXRD. 
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[(EtTZMe)H][I]: Reagents: 4,5-dimethylthiazole (4.815 g, 42.54 
mmol); ethyl iodide (7.372 g, 47.27 mmol). Yield: 99% (11.300 g, 
41.986 mmol). Mp: 118 °C. 13C{1H} NMR (CDCl3, 125.8 MHz) δ: 12.4 
(s), 13.3 (s), 15.3 (s), 49.7 (s), 133.3 (s), 141.6 (s), 155.1 (s). 1H NMR 
(CDCl3, 500.1 MHz) δ: 1.60 (t, 3JHH = 7.0, 3H, CH2CH3), 2.64 (s, 3H, CCH3), 2.67 (s, 3H, 
CCH3), 4.65 (q, 3JHH = 7.0, 2H, NCH2CH3), 10.68 (s, 1H, Imid). Elemental Analysis: 
calculated for C7H12NSI: C, 31.24; H, 4.49; N, 5.20, found: C, 31.55; H, 4.74; N, 5.32. HR-
ESI-MS: calculated for [(C7H12NS)2I]+ m/z = 411.0426, found: 411.0439. 
[(iPrTZMe)H][I]: Reagents: 4,5-dimethylthiazole (5.350 g, 47.26 
mmol); isopropyl iodide (9.639 g, 56.70 mmol). Yield: 29% (3.911 g, 
12.81 mmol). Mp: 157 °C. 13C{1H} NMR (CDCl3, 125.8 MHz) δ: 12.8 
(s), 13.2 (s), 23.0 (s), 57.0 (s), 133.3 (s), 141.5 (s), 154.5 (s). 1H NMR 
(CDCl3, 500.1 MHz) δ: 1.63 (d, 3JHH = 6.5, 6H, NCH(CH3)2), 2.48 (s, 3H, CCH3), 2.50 (s, 
3H, CCH3), 4.91 (sept, 3JHH = 6.5, 1H, NCH(CH3)2), 10.54 (s, 1H, Imid). Elemental 
Analysis: calculated for C8H14NSI: C, 33.93; H, 4.98; N, 4.95, found: C, 34.26; H, 5.05; 
N, 5.05. HR-ESI-MS: calculated for [C8H14NS]+ m/z = 156.0847, found: 156.0855. 
[(nBuTZMe)H][I]: Reagents: 4,5-dimethylthiazole (5.029 g, 44.43 
mmol); n-butyl iodide (8.895 g, 48.33 mmol). Yield: 90% (11.860 g, 
39.906 mmol). 13C{1H} NMR (CDCl3, 125.8 MHz) δ: 12.3 (s), 13.2 (s), 
13.4 (s), 19.2 (s), 31.5 (s), 53.8 (s), 133.2 (s), 141.5 (s), 155.3 (s). 1H 
NMR (CDCl3, 500.1 MHz) δ: 0.96 (t, 3JHH = 7.4, 3H, CH3), 1.43 (m, 2H, CH2CH3), 1.89 
(m, 2H), 2.51 (s, 3H), 2.55 (s, 3H), 4.63 (t, 3JHH = 7.5, 2H), 10.76 (s, 1H). Elemental 
Analysis: calculated for C9H16NSI: C, 36.37; H, 5.43; N, 4.71, found: C, 35.46; H, 5.62; 
N, 4.73. HR-ESI-MS: calculated for [C9H16NS]+ m/z = 170.1003, found: 170.0996. 
Observation of [P(EtTZB)2]+: A suspension of 
potassium hydride (0.069 g, 0.52 mmol) in THF (15 
mL) was transferred to a mixture of [(EtTZB)H][I] 
(0.151 g, 0.519 mmol) and [Pdppe][BPh4] (0.195 g, 
0.260 mmol) in THF (15 mL). The reaction mixture was stirred under nitrogen for 
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thirty minutes and then refluxed for four hours. Removal of all volatiles under 
reduced pressure granted a red mixture from which the desired cation was detectable 
by HR-ESI-MS and 31P NMR. 31P{1H} NMR (MeCN, 121.5 MHz) δ: 33.0 (s). HR-ESI-
MS: calculated for [C18H18N2S2P]+ m/z = 357.0649, found: 357.0648. 
Observation of [P(MeTZMe)2]+: [K][OtBu] (0.176 g, 1.57 
mmol) in THF (3 mL) was transferred to a suspension of 
[(MeTZMe)H][I] (0.400 g, 1.57 mmol) in THF (5 mL) and 
stirred for two hours. The resulting mixture was 
centrifuged, and the solution added to a suspension of [Pdppe][Br] (0.399 g, 0.783 
mmol) in THF (10 mL) and stirred overnight. Removal of all volatiles under reduced 
pressure granted a red mixture from which the desired cation was detectable by 31P 
NMR. 31P{1H} NMR (CH2Cl2, 121.5 MHz) δ: 17.7 (s). HR-ESI-MS: calculated for 
[C12H18N2S2P]+ m/z = 285.0649, found: 285.0644. 
Observation of [P(iPrTZMe)2]+: A suspension of 
potassium hydride (0.146 g, 1.09 mmol) in THF (15 mL) 
was transferred to a mixture of [(
iPrTZMe)H][I] (0.310 g, 
1.09 mmol), and [Pdppe][BPh4] (0.402 g, 0.537 mmol) in 
THF (15 mL). The reaction mixture was stirred under nitrogen for thirty minutes, and 
then at reflux for four hours. Removal of all volatiles under reduced pressure granted 
a red mixture from which the desired cation was detectable by HR-ESI-MS and 31P 
NMR. 31P{1H} NMR (CD3CN, 121.5 MHz) δ: 9.9 (s). HR-ESI-MS: calculated for 
[C16H26N2S2P]+ m/z = 341.1275, found: 341.1258. 
Observation of [P(nBuTZMe)2]+: A suspension of 
potassium hydride (0.110 g, 0.820 mmol) in THF (15 mL) 
was transferred to a mixture of [(nBuTZMe)H][I] (0.238 g, 
0.801 mmol) and [Pdppe][BPh4] (0.300 g, 0.401 mmol) in 
THF (15 mL). The reaction mixture was stirred under nitrogen for thirty minutes, and 
then at reflux for four hours. Removal of all volatiles under reduced pressure granted 
a red mixture from which the desired cation was detectable by 31P NMR. 31P{1H} NMR 
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(MeCN, 121.5 MHz) δ: 17.5 (s). HR-ESI-MS: calculated for [C18H30N2S2P]+ m/z = 
369.1593, found: 369.1588. 
[P(EtTZMe)2][I]: A suspension of [(EtTZMe)H][I] (0.716 g, 
2.66 mmol) in THF (25 mL) was added to a suspension of 
potassium hydride (0.160 g, 3.99 mmol) in THF (25 mL) 
at −78 °C. After two hours, a suspension of [Pdppe][Br] 
(0.677 g, 1.33 mmol) was added to the mixture, and the 
reaction vessel was warmed slowly to room temperature and the mixture stirred for 
twelve hours. All volatiles were removed from the red mixture under reduced 
pressure, and Et2O (100 mL) was added to the residue and the mixture was sonicated. 
The insoluble material was collected by filtration, washed with Et2O (2 x 5 mL), and 
dried under reduced pressure. MeCN (30 mL) was then slowly added to the collected 
material. Some gas evolution was observed upon addition of MeCN, but this ceased 
after a few seconds. The solution was filtered, and any volatiles were removed from 
the filtrate under reduced pressure. Toluene (50 mL) was added to the resulting 
residue and sonicated, giving a suspension. The suspended product was collected by 
filtration and washed with toluene (3 x 5 mL). If necessary, the product can be further 
purified by recrystallization from a saturated MeCN solution, affording crystals 
suitable for SCXRD. Yield: 54% (0.160 g, 0.363 mmol). Mp: 186 °C. 31P{1H} NMR 
(CD3CN, 202.5 MHz) δ: 17.2 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 12.2 (s), 12.3 
(s), 12.6 (d, 4JCP = 5.0), 46.8 (d, 3JCP = 25.7), 125.3 (d, 3JCP = 3.6), 140.8 (d, 3JCP = 2.3), 
178.8 (d, 1JCP = 87.0). 1H NMR (CD3CN, 500.1 MHz) δ: 1.38 (t, 3JHH = 7.5, 6H, NCH2CH3), 
2.34 (s, 6H, CCH3), 2.38 (s, 6H, CCH3), 4.30 (dq, 3JHH = 7.5, 4JHP = 1.0, 4H, NCH2CH3). 
Elemental Analysis: calculated for C14H22N2S2PI: C, 38.18; H, 5.04; N, 6.37, found: C, 
38.14; H, 4.82; N, 6.38. HR-ESI-MS: calculated for [C14H22N2S2P]+ m/z = 313.0962, 
found: 313.0952. Cyclic Voltammetry: E1/2 = +0.241 V, −0.142 V. 
CHAPTER 3: 
A Simple Route to Phosphamethine Cyanines from S,N-Heterocyclic Carbenes 
 73 References begin on page 77 
[S2P(EtTZMe)2][I]: DCM (5 mL) was added to a stirring 
mixture of [P(EtTZMe)2][I] (0.030 g, 0.068 mmol) and 
sulfur (S8) (0.004 g, 0.02 mmol) and stirred overnight. 
The resulting reaction mixture was centrifuged, and the 
clear yellow supernatant solution was decanted and left 
to recrystallize. Crystals suitable for SCXRD were grown by slow evaporation of either 
DCM or MeCN. Yield: Quantitative by multinuclear NMR. Mp: 192 °C (decomposition). 
31P{1H} NMR (CD2Cl2, 121.5 MHz) δ: 31.2 (s). 13C{1H} NMR (CD2Cl2, 125.8 MHz) δ: 
13.3 (s), 14.1 (s), 14.4 (d, 4JCP = 5.0), 50.6 (d, 3JCP = 25.7), 138.2 (d, 3JCP = 2.9), 149.1 (d, 
3JCP = 3.5), 170.6 (d, 1JCP = 57.2). 1H NMR (CD2Cl2, 300.1) δ: 1.54 (t, 3JHH = 7.2, 6H, 
NCH2CH3), 2.54 (s, 6H, CCH3), 2.57 (s, 6H, CCH3), 4.85 (q, 3JHH = 7.2, 4H, NCH2CH3). 
Elemental Analysis: calculated for C14H22N2S4PI: C, 33.33; H, 4.40; N, 5.55, found: C, 
33.55; H, 4.17; N, 5.69. HR-ESI-MS: calculated for [C14H22N2S4P]+ m/z = 377.0403, 
found: 377.0405. 
3.4.3  Computational Details 
Calculations were performed with the Gaussian 09 suite of programs34 using 
Compute Canada's Shared Hierarchical Academic Research Computing Network 
(SHARCNET). Model complexes were fully optimized with no symmetry constraints 
using the PBE1PBE DFT method35–37 in conjunction with the TZVP basis sets for all 
atoms.38,39 Geometry optimizations were started using models in which the relevant 
phosphorus, nitrogen and carbon atoms were placed a the positions found 
experimentally using X-ray crystallography and the hydrogen atoms were placed in 
geometrically appropriate positions using Gaussview.40 Frequency calculations were 
also performed at the same level of theory in order to confirm that the optimized 
structures were minima on the potential energy hypersurface and to determine 
thermochemical information. NBO analyses41 to determine orbital contributions, 
Wiberg Bond Indices, and orbital energies were obtained using the routine included 
in the Gaussian distributions.42 AIM analysis was done using AIM2000.43 Summaries 
of the calculated results, including cartesian coordinates, are presented in Appendix 
B: Supplementary Information for Chapter 3. 
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3.4.4  X-ray Crystallography 
Crystals for investigation were covered in Nujol®, mounted onto a goniometer 
head, and then rapidly cooled under a stream of cold N2 of the low-temperature 
apparatus (Oxford Cryostream) attached to the diffractometer. The data were then 
collected using the APEXII software suite44 on a Bruker Photon 100 CMOS 
diffractometer or using the SMART software on a Bruker APEX CCD diffractometer 
using a graphite monochromator with MoKα radiation (λ = 0.71073 Å). For each 
sample, data were collected at low temperature. APEXII software was used for data 
reductions and SADABS45 was used for absorption corrections (multi-scan; semi-
empirical from equivalents). XPREP was used to determine the space group and the 
structures were solved and refined using the SHELX46 software suite as implemented 
in the WinGX47 or OLEX248 program suites. Validation of the structures was 
conducted using PLATON.49 
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Table 3-1: Crystal data and structure refinement. 
Crystal Structure 
[(EtTZB)H] 
[I] 
[(
nBuTZB)H] 
[I] 
[(MeTZMe)H] 
[I] 
[(EtTZMe)H] 
[I] 
CCDC 1413985 1413986 1413982 1413983 
Empirical 
formula 
C9H10INS C11H14INS C6H10INS C7H12INS 
Formula weight 291.14 319.19 255.11 269.14 
Temperature (K) 173(2) 173(2) 150(2) 173(2) 
Crystal system monoclinic orthorhombic monoclinic triclinic 
Space group P21/c Pna21 P21/c P-1 
a (Å) 7.3740(9) 17.471(3) 8.5748(2) 7.2083(10) 
b (Å) 16.650(2) 13.112(2) 7.6434(2) 8.0237(11) 
c (Å) 8.6559(10) 5.2955(9) 13.3454(3) 8.8800(12) 
α (°) 90 90 90 78.7720(10) 
β (°) 103.4220(10) 90 92.1710(10) 82.5190(10) 
γ (°) 90 90 90 73.7020(10) 
Volume (Å3) 1033.8(2) 1213.1(3) 874.04(4) 481.96(11) 
Z 4 4 4 2 
ρcalc (g·cm−3) 1.871 1.748 1.939 1.855 
μ (mm−1) 3.247 2.775 3.824 3.473 
F(000) 560.0 624.0 488.0 260.0 
Crystal size 
(mm3) 
0.500 × 0.400 × 
0.300 
0.400 × 0.300 × 
0.200 
0.308 × 0.155 × 
0.140 
0.500 × 0.400 × 
0.400 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
4.892 to 56.222 5.604 to 54.972 6.144 to 55 4.692 to 54.97 
Index ranges 
-9 ≤ h ≤ 9 
-21 ≤ k ≤ 21 
-11 ≤ l ≤ 10 
-22 ≤ h ≤ 22 
-16 ≤ k ≤ 17 
-6 ≤ l ≤ 6 
-11 ≤ h ≤ 11 
-9 ≤ k ≤ 9 
-17 ≤ l ≤ 17 
-9 ≤ h ≤ 9 
-10 ≤ k ≤ 10 
-11 ≤ l ≤ 11 
Reflections 
collected 
11380 12749 16440 5441 
Independent 
reflections 
2402 
Rint = 0.0249 
Rsigma = 0.0205 
2730 
Rint = 0.0868 
Rsigma = 0.0632 
1997 
Rint = 0.0354 
Rsigma = 0.0250 
2144 
Rint = 0.0213 
Rsigma = 0.0265 
Data/restraints 
/parameters 
2402/0/109 2730/1/127 1997/0/86 2144/0/96 
Goodness-of-fit 
on F2 
1.295 1.143 1.278 1.049 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0354 
wR2 = 0.0684 
R1 = 0.0498 
wR2 = 0.0946 
R1 = 0.0242 
wR2 = 0.0661 
R1 = 0.0207 
wR2 = 0.0472 
Final R indexes 
[all data] 
R1 = 0.0386 
wR2 = 0.0698 
R1 = 0.0733 
wR2 = 0.1032 
R1 = 0.0243 
wR2 = 0.0665 
R1 = 0.0222 
wR2 = 0.0481 
Largest diff. 
peak/hole (e·Å−3) 
0.75/-0.64 2.00/-0.92 0.76/-0.88 0.53/-0.39 
Flack parameter n/a 0.04(3) n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
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2           𝑅𝑖𝑛𝑡 =
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Table 3-2: Crystal data and structure refinement. 
Crystal Structure 
[(
iPrTZMe)H] 
[I] 
[EtTZB]2 
[P(EtTZMe)2] 
[I] 
[S2P(EtTZMe)2] 
[I] 
CCDC 1413984 1413987 1413988 1413989 
Empirical 
formula 
C8H14INS C18H18N2S2 C14H22IN2PS2 C14H22IN2PS4 
Formula weight 283.16 326.46 440.32 504.44 
Temperature (K) 173(2) 173(2) 173(2) 173(2) 
Crystal system orthorhombic orthorhombic monoclinic monoclinic 
Space group Pnma P212121 C2/c P21/n 
a (Å) 12.0281(14) 8.4609(10) 14.6665(7) 11.8142(7) 
b (Å) 7.7753(9) 9.3845(11) 10.2797(5) 7.1440(4) 
c (Å) 11.5619(13) 20.267(2) 13.4062(7) 24.3816(13) 
α (°) 90 90 90 90 
β (°) 90 90 118.4096(18) 103.289(2) 
γ (°) 90 90 90 90 
Volume (Å3) 1081.3(2) 1609.2(3) 1777.80(15) 2002.7(2) 
Z 4 4 4 4 
ρcalc (g·cm−3) 1.739 1.347 1.645 1.673 
μ (mm−1) 3.101 0.328 2.119 2.094 
F(000) 552.0 688.0 880.0 1008.0 
Crystal size 
(mm3) 
0.400 × 0.400 × 
0.200 
0.700 × 0.500 × 
0.300 
0.104 × 0.086 × 
0.046 
0.206 × 0.160 × 
0.094 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
4.886 to 56.468 4.784 to 54.994 6.316 to 61.112 5.956 to 77.306 
Index ranges 
-15 ≤ h ≤ 15 
-10 ≤ k ≤ 10 
-15 ≤ l ≤ 15 
-10 ≤ h ≤ 10 
-12 ≤ k ≤ 12 
-26 ≤ l ≤ 26 
-20 ≤ h ≤ 20 
-14 ≤ k ≤ 14 
-19 ≤ l ≤ 19 
-20 ≤ h ≤ 20 
-12 ≤ k ≤ 12 
-42 ≤ l ≤ 42 
Reflections 
collected 
11622 18137 43169 94035 
Independent 
reflections 
1386 
Rint = 0.0274 
Rsigma = 0.0163 
3648 
Rint = 0.0473 
Rsigma = 0.0403 
2726 
Rint = 0.0497 
Rsigma = 0.0205 
11356 
Rint = 0.0389 
Rsigma = 0.0254 
Data/restraints 
/parameters 
1386/0/73 3648/0/199 2726/0/95 11356/0/205 
Goodness-of-fit 
on F2 
1.115 1.048 1.092 1.059 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0254 
wR2 = 0.0521 
R1 = 0.0388 
wR2 = 0.0834 
R1 = 0.0235 
wR2 = 0.0429 
R1 = 0.0340 
wR2 = 0.0612 
Final R indexes 
[all data] 
R1 = 0.0291 
wR2 = 0.0539 
R1 = 0.0468 
wR2 = 0.0872 
R1 = 0.0342 
wR2 = 0.0455 
R1 = 0.0515 
wR2 = 0.0657 
Largest diff. 
peak/hole (e·Å−3) 
0.66/-0.46 0.28/-0.18 0.55/-0.62 1.44/-1.08 
Flack parameter n/a 0.04(4) n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
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2−𝐹𝑐
2)
2
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2           𝑅𝑖𝑛𝑡 =
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CHAPTER 4: 
Convenient Preparation and Detailed Analysis of a 
Series of NHC-Stabilized Phosphorus(I) Cations 
4.1  Introduction 
The work of Dimroth and Hoffmann on phosphamethine cyanine dyes in the 
1960s represents a landmark in main group chemistry and phosphorus chemistry.1 
The compounds they investigated included some of the first examples of stable 
compounds that contained dicoordinate phosphorus atoms. The structure of one of 
these, [P(EtTZB)2][ClO4], reported by Allmann, provided evidence for 3p(P)-2p(C) -
bonding.1–4 Since that time, the chemistry of low-coordinate phosphorus compounds 
has remained one of the most actively studied areas in main group chemistry, 
comprising investigations ranging from the very fundamental to the highly applied.5–
18 Somewhat remarkably, only a handful of phosphamethine cyanine species have 
ever been characterized by X-ray crystallography in the more than five decades since 
their initial discovery.13,19,20 
 
Figure 4-1: Gudat and Grützmacher’s NHC-parent phosphinidene adduct, Weigand’s 
asymmetrically-substituted NHC-stabilized PI cation, Dimroth’s phosphamethine cyanine, 
Robinson’s NHC-stabilized diphosphorus; and Robinson’s NHC-PCl3 adduct (staggered from 
left to right). 
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In 1983, Schmidpeter and co-workers discovered a new and unanticipated 
route to phosphamethine cyanine salts through the reaction of triphosphenium 
salts21 with an electron-rich olefin (ERO).22 It was postulated that this process 
involves the formal insertion of the P+ fragment of the triphosphenium cation into the 
carbon-carbon double bond of the ERO, with the concomitant loss of the phosphine 
ligands to generate a phosphamethine cyanine cation. In light of our improved 
synthetic approaches to triphosphenium halide salts,23–25 and the by-then well-
appreciated analogy between phosphines and N-heterocyclic carbenes (NHCs),26–32 
we reasoned that it should be possible to prepare phosphamethine cyanine species 
directly from carbenes. Thus, in 2005, our group communicated that the reaction of 
PX3 (X = Cl, Br, I) with at least three equivalents of NHC produced stable halide 
phosphamethine cyanine salts of the form [P(RNHCR')2][X].33 The major deficiencies 
of this approach were the need to use excess carbene and the purification difficulty 
due to the similar solubilities of product and byproduct. 
As a solution to both of these problems, we developed an improved synthetic 
approach. Inspired by Schmidpeter's ERO result and the work of Arduengo and Cowley 
with NHC-stabilized phosphinidenes as models,34–36 we found that the treatment of 
[Pdppe][X] (dppe = 1,2-bis(diphenylphosphino)ethane) with two equivalents of 
RNHCR' generates [P(RNHCR')2][X] in quantitative yield through a ligand replacement 
reaction. The resultant salts are easily collected and separated from the dppe 
byproduct, but this approach only appeared to work for carbenes with relatively 
small substituents on nitrogen. Importantly, the structural features of the cation in 
[P(iPrNHCMe)2][Cl] indicated that these salts are best considered as containing 
univalent phosphorus (PI).33 We have also shown that S,N-heterocyclic carbene-
(SNHC-) substituted phosphamethine cyanines akin to those of Dimroth’s original 
reports can be accessed when SNHCs are used in place of NHCs.37 The PIII assignment 
for those cations is indeed merited. 
In the past decade, chemistry involving carbenes and low-valent phosphorus 
(as well as many other main group elements) has been the topic of significant interest. 
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In 2008, Robinson and co-workers showed that the reaction of NHCs bearing bulkier 
N-substituents with PCl3 forms a complex, NHC→PCl3, that can be reduced to make 
carbene-stabilized P2 compounds of the form NHC→P≡P←NHC.38 Further work by 
several research groups demonstrated that other related carbene-stabilized diatomic 
p-block "allotropes" can be prepared in a similar manner.39–43 Furthermore, the use 
of chelating bis(NHC)s and cyclic (alkyl)(amino)carbene (CAACs) has allowed for the 
isolation of mononuclear carbene-stabilized group 14 "atoms" of the form 
Carb→E←Carb (Carb = carbene; E = Si, Ge),44–50 mononuclear NHC-stabilized group 
13 cations of the type NHC→M+←NHC (M+ = Ga+, In+),51 as well as mononuclear NHC-
stabilized group 16 dications of the type NHC→Ch2+←NHC (Ch2+ = Se2+, Te2+).52,53 
In a related vein, but using an alternative approach, Bertrand and co-workers 
probed the reactivity of several classes of carbenes they pioneered54–56 with P4 and 
isolated many remarkable carbene adducts of phosphorus. These include compounds 
comprised of between one and twelve phosphorus atoms capped by the carbene 
ligands.57–60 The nature of the product obtained in each case is clearly determined by 
the steric and electronic properties of the carbene employed in the reactions. Some 
of the resultant products proved useful for the subsequent generation of remarkable 
radicals.61–63 Also using elemental phosphorus, Grützmacher and Gudat have shown 
that the three-component reaction between P4, potassium tert-butoxide and 
imidazolium precursors bearing N-methyl groups results in a mixture of phosphorus-
containing products. These include parent carbene-phosphinidene adducts 
(MeNHCR=PH) and NHC-stabilized phosphorus(I) cations ([P(MeNHCR')2]+) (R' = Me or 
H), along with insoluble phosphorus-containing material.64 Although P4 reactions 
present a viable route to NHC-stabilized phosphorus(I) species, they do not tend to 
be P-atom efficient. The use of less dangerous, easy-to-handle phosphorus sources 
would be more convenient in many syntheses. 
Weigand and co-workers have used a masked carbene ("onio") synthetic 
approach for the controlled generation of trivalent and univalent phosphorus-
carbene complexes.65–68 A particularly notable compound they obtained is a 
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phosphorus(I) complex of one normal and one abnormal NHC. This compound has 
proven to be able to function as a donor to one or two equivalents of group 11 metals. 
Remarkably, this asymmetric phosphorus(I) cation can also undergo one-electron 
oxidation to give a dicationic phosphanyl radical.69 In recent contributions, the 
groups of Weigand and Schultz have independently communicated the formation of 
NHC-stabilized phosphorus(I) salts from very different reactions. The first case is the 
dimethylaminopyridine-mediated deoligomerization of an imidazolium-substituted 
P4S4 tetracation,70 and the second case is the NHC-triggered redox disproportionation 
of the biradicaloid [P(µ-NTer)]2 (Ter = m-terphenyl).71 In view of the growing interest 
in such compounds and their potential utility as ligands for transition metals or as 
inorganic dyes, we report herein a robust, clean, and P-atom efficient method for the 
synthesis of NHC-stabilized phosphorus(I) complexes with the general form 
[P(RNHCR')2]+. Presented are two successful synthetic approaches to such 
compounds using carbenes as reagents, structural details of many of the compounds 
we have prepared, computational insights into the nature of the bonding in these 
molecules, and investigations of their reactivity. 
4.2  Results and Discussion 
4.2.1  NMR Investigations of Reactions of NHCs and PX3 
The original syntheses of phosphamethine cyanine salts involved the reaction 
of a suitable chlorocarbon precursor with tris(hydroxymethyl)phosphine or 
tris(TMS)phosphine.1,22 Given the spectacular developments regarding the 
preparation and chemistry of stable (or relatively stable) carbenes since the 1980s, 
we reasoned that superior routes to phosphamethine cyanines should be possible 
using those reagents. In our initial communication regarding the preparation of salts 
containing cations of the type [P(RNHCR')2]+, we had reported that the treatment of 
PCl3 with three equivalents of NHCs produced the target [Cl]− salts [P(RNHCR')2][Cl].33 
Two equivalents of the NHC are required for each P+ cation produced and the 
additional equivalent of NHC functions as a reducing or sequestering agent for the 
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equivalent of Cl2 that is formally generated during the reduction of phosphorus. The 
byproduct that results is a choroimidazolium chloride salt, [Cl(RNHCR')][Cl], that has 
similar solubility properties as the target salts. This renders purification and isolation 
of those materials difficult. Thus, we had wondered (in light of our work with 
triphosphenium salts) if we could use fewer equivalents of NHC or if the use of PBr3 
or PI3 might improve the reaction. Toward this end, we undertook a systematic 31P 
NMR investigation of the reaction of various stoichiometric amounts of RNHCMe (R = 
Me, Et, or iPr) and PX3. Some of the pertinent results are presented in Figure 4-2.  
 
Figure 4-2: 31P NMR spectra of mixtures resulting from the treatment of RNHCMe with PCl3 in 
THF (R = iPr). The ratios of RNHCMe to PCl3 are a) 5:1, b) 3:1, c) 2:1, and d) 1:1. 
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Perhaps most importantly, the variable-stoichiometry investigations 
confirmed that the phosphorus-containing products obtained in each reaction are 
dependent on the relative stoichiometries of the reagents. This observation is not as 
trivial as it may appear: the results demonstrate clearly that the [P(RNHCMe)2]+ 
cations are not usually "thermodynamic sink" products that are generated even at 
low carbene concentrations. In fact, it only appears as if the combination of PCl3 with 
MeNHCMe produces exclusively [P(MeNHCMe)2][Cl] regardless of the stoichiometries 
employed, with unreacted PCl3 being the only other phosphorus-containing product 
observed. For the 1:1 reaction of the bulkier carbene 
iPrNHCMe with PCl3, a mixture of 
products is observed. They have been assigned based on the previous works of 
Robinson [Cl3P(
iPrNHCMe)],38,72 Weigand [ClP(iPrNHCMe)2]+,66 Arduengo ClP(
iPrNHCMe),36 
and ourselves [P(iPrNHCMe)2]+,33 and can all be expected to have phosphorus chemical 
shifts near those reported variants. 
As suggested above, it is clear that the nature of the phosphorus trihalide 
employed in these reactions also has a dramatic influence on the nature of the 
product(s) obtained. For example, whereas the 1:1 reaction of PCl3 with MeNHCMe 
produces [P(MeNHCMe)2][Cl] (δ = −115 ppm) and PCl3 (δ = 219 ppm), the analogous 
1:1 reaction of PBr3 with the same carbene generates BrP(MeNHCMe) (δ = −30 ppm) 
and PBr3 (δ = 230 ppm). The 1:1 reaction with PI3 produces only PI3 (δ = 174 ppm) 
and P2I4 (δ = 103 ppm). Overall, the 31P NMR investigations reveal that the reactions 
of NHCs with PX3 are neither simple nor ideal: it usually requires at least three 
equivalents of NHC in order to ensure production of NHC-stabilized phosphorus(I) 
salts and most of the reactions produce unwanted byproducts. Thus, although the 
target compounds and several other interesting species can be generated by this 
approach, a cleaner and more efficient method for the preparation of NHC-stabilized 
phosphorus(I) species would be more useful. 
4.2.2  Synthesis and Characterization of [P(RNHCR')2][Br] 
As we communicated previously, the reaction of 2 equivalents of NHCs with 
triphosphenium salts of the type [Pdppe][X] results in the displacement of the dppe 
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ligand by the stronger carbene donor ligands (Scheme 4-1).33 This alternative 
synthetic approach to salts of the form [P(RNHCR')2][X] should have greater potential 
for application than the direct reduction of PX3 for several reasons, including a) fewer 
equivalents of NHC are required; b) the starting phosphorus(I) reagents are air- and 
moisture-stable solids that can be prepared on multi-gram scales; c) the process does 
not involve redox chemistry that generates uncontrolled byproducts; and, d) the only 
byproduct that is produced is dppe, which is a neutral molecule that can be easily 
separated from the target salt on account of its good solubility in almost all organic 
solvents. It can even be recycled for the synthesis of more of the triphosphenium 
precursor. [Br]− salts of cations of the form [P(RNHCMe)2]+ are conveniently prepared 
by treating a suspension of the triphosphenium salt [Pdppe][Br] in toluene with a 
solution of two equivalents of the corresponding RNHCMe under a nitrogen 
atmosphere. In each case, the reaction mixture immediately turns yellow in colour 
and is left to stir for a few hours before collecting the product. The desired 
[P(RNHCMe)2][Br] salts are insoluble in the reaction mixture and thus are easily 
collected by filtration. Washing the precipitate with toluene and drying it under 
reduced pressure affords the product in excellent yields and purity. These salts are 
insoluble in non-polar solvents, such as toluene, pentane, or Et2O; mildly soluble in 
THF; and very soluble in polar or chlorinated solvents like chloroform, DCM, acetone, 
and MeCN. Recrystallization of the yellow precipitate by slow evaporation of an MeCN 
solution for the N-methyl and N-ethyl salts gives large prismatic or block-shaped 
single-crystals, respectively, as MeCN solvates. The N-isopropyl derivative can be 
recrystallized into large prismatic single-crystals by slow evaporation of THF 
solutions. 
 
Scheme 4-1: Synthesis of [P(RNHCR')2][Br] (R = Me, Et or iPr; R' = dimethyl- (RNHCMe) or 
benzo-backbone (RNHCB)). 
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Salts containing the benzannulated analogues [P(RNHCB)2]+ are synthesized 
by the deprotonation of the appropriate benzimidazolium iodide salt in THF to give 
the resultant carbene (and olefin)73,74 in solution. Addition of the THF supernatant to 
a suspension of [Pdppe][Br] in THF results in an immediate colour change to 
orange/red. After stirring for a few hours, filtering, and washing the solid with small 
amounts of THF (and an optional MeCN or DCM extraction step), the desired products 
can be dried to give bright-yellow powders. It is important when following this in situ 
carbene deprotonation approach to ensure that no insoluble materials resulting from 
benzimidazolium deprotonation are inadvertently added to the phosphorus(I) 
reagent. If such precautions are not followed, the reaction generates mixed anion salts 
(bromide and iodide), as confirmed by elemental analysis, and hampers further 
studies. The benzannulated salts are marginally less soluble than the analogous 
dimethyl-backbone derivatives in any given organic solvent. Pertinent NMR data for 
these cations are given in Table 4-1 and pertinent metrical parameters of the various 
salts that we have collected are presented in Table 4-2 (and discussed below). 
Surprisingly, the cation [P(iPrNHCB)2]+ is stable for days in 1:1 acetone:water 
solutions in air and even affords single crystalline material upon standing in this 
solvent mixture under air! Such unusual stability is not exhibited by the ethyl and 
methyl substituted benzannulated derivatives. Each of these salts displays signs of 
decomposition over similar time periods under these conditions, producing mainly 
imidazolium salts and phosphoric acid (along with other insoluble decomposition 
products) on the basis of multinuclear NMR analysis. The 3,4-dimethyl substituted 
variants appear to decompose in air at a faster rate than the benzannulated 
derivatives. The isopropyl derivative again is the more stable of the three. In light of 
these observations, these species should ideally be stored under inert atmosphere. 
We have not observed signs of decomposition over a period of one year under air-
free conditions. 
The 31P NMR chemical shifts of the cations (Table 4-1) are all indicative of a 
highly shielded phosphorus centre. Shielding is increased significantly when going 
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from the small methyl group to the larger ethyl and isopropyl groups. Both series 
show increased shielding along the trend Me<iPr<Et. The benzannulated variants are 
slightly less shielded than the dimethyl backbone variants, owing to the more -acidic 
benzannulated NHCs.75,76 The signals for the “carbenic” carbon nuclei lie near 157 
ppm for the 3,4-dimethyl derivatives and 166 ppm for the benzannulated derivatives. 
The magnitude of the phosphorus-carbon coupling constant falls between 85 and 100 
Hz. It increases steadily as the size of the N-alkyl group increases and decreases with 
benzannulated carbenes. 
Table 4-1: 31P{1H} NMR and carbenic carbon 13C{1H} NMR data for the [P(RNHCR')2][Br] salts. 
Compound 
31P{1H} NMR 
δ (ppm) 
13C{1H} NMR 
δ (ppm) 
1JCP 
(Hz) 
[P(MeNHCMe)2][Br] −114 156.7 89 
[P(EtNHCMe)2][Br] −129 156.4 94 
[P(
iPrNHCMe)2][Br] −126 158.5 98 
[P(MeNHCB)2][Br] −101 168.1 87 
[P(EtNHCB)2][Br] −109 165.6 91 
[P(
iPrNHCB)2][Br] −108 167.1 94 
 
Crystalline material suitable for single crystal X-ray diffraction (SCXRD) has 
been obtained for the entire family of compounds (Figure 4-3). The bounty of 
structures we present is quite remarkable considering that few phosphamethine 
cyanines had ever been crystallographically characterized until recently. This may 
attest to the robustness and efficacy of the triphosphenium P+ transfer approach. The 
pertinent metrical parameters for the cations are given in Table 4-2 and they are 
depicted in Figure 4-3. For completeness, we have also included a table with metrical 
parameters of related species in Chapter 2. These include methylene-bridged 
bis(NHC)-stabilized phosphorus(I) cations,77 the N−H tautomers of the neutral 
di(benzothiazol-2-yl)phosphane78 and bis(s-triazinyl)phosphane,79 and some anionic 
PI compounds (Table 2-1).80–82 The P−C bond lengths of the imidazolyl-functionalized 
cations reported herein range from 1.78 to 1.84 Å, with the low end of this range being 
typical of delocalized 2-phosphaallylic species. The high end is more typical of P−C 
single bonds.77,83 
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Figure 4-3: Thermal ellipsoid plots (50% probability surface) of [P(RNHCR')2][Br] salts. 
Anions, solvent molecules, and hydrogen atoms are omitted for clarity. Selected bond lengths 
(Å) and angles (°) are summarized in Table 4-2. 
Table 4-2: Selected metrical parameters for [P(RNHCR')2][X] salts. 
Crystal Structure 
P−C 
bonds (Å) 
C−P−C 
angle (°) 
Carbp−CPCp 
angles (°)* 
[P(MeNHCMe)2][Br]·MeCN 1.8002(13), 1.8032(13) 98.63(6) 38.8, 42.8 
[P(MeNHCMe)2][BPh4] 1.801(2), 1.812(2) 98.30(10) 44.7, 59.0 
[P(EtNHCMe)2][Br]·0.33 MeCN 1.837(6), 1.842(6) 97.2(3) 55.5, 57.1 
[P(
iPrNHCMe)2][Br] 1.8195(16), 1.8225(16) 100.44(7) 54.7, 60.9 
[P(MeNHCB)2][Br] 1.787(3), 1.795(3) 99.27(14) 35.4, 42.8 
[P(MeNHCB)2][I] 
(two cations in asymmetric unit) 
1.7875(19), 1.793(2), 
1.775(2), 1.804(2) 
99.25(8), 
98.49(9) 
33.1, 42.1, 
30.5, 48.4 
[P(MeNHCB)2][OTf] 1.783(3), 1.787(3) 99.36(12) 35.7, 35.8 
[P(EtNHCB)2][Br]·0.33 MeCN 1.798(2), 1.799(2) 98.78(10) 37.9, 51.9 
[P(
iPrNHCB)2][Br]·MeCN 1.8002(13), 1.8032(13) 98.63(6) 36.6, 59.8 
* These values are the angles (°) between the C−P−C plane and the N−C−X planes of the heterocycles, 
where X is N, S, or C, determined using Mercury.85 
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The N-methyl variants possess the shortest P−C bonds of each backbone-type, 
presumably due to the small steric requirements of the methyl groups (compared to 
the larger ethyl and isopropyl groups). The P−C bonds of the benzannulated 
derivatives are much shorter than those of the dimethyl-backbone species, another 
manifestation of the more -acidic benzannulated NHCs.75,76 All of these P−C bond 
lengths are longer than those seen in the quinolyl- and thiazolyl-ligated 
analogues.75,84 This is likely the result of those “carbenes” being much more -acidic 
than imidazole-2-ylidenes. The C−P−C angles of cations bearing imidazolyl groups 
range from 97° to 100°, considerably smaller than species with thiazolyl or quinolyl 
substituents. The large degree of twisting of the heterocycles from the C−P−C plane 
ranges from 37 to 61°, but this twisting is not symmetrical: one carbene fragment is 
always more twisted from the plane than the other. This asymmetry is most apparent 
for the benzannulated series. In general, the larger N-alkyl substituents result in a 
greater degree of twisting, a result that can be rationalized on the basis of steric 
factors. These metrical parameters, in conjunction with the shielded 31P NMR shifts, 
provide good support for the phosphorus(I) assignment over the P(III) model 
traditionally associated with the phosphamethine cyanine nomenclature. 
4.2.3  Computational Studies 
Geometry optimizations for the [P(RNHCMe)2]+ systems at the PBE1PBE/TZVP 
level accurately reproduce the twisting of the carbenes from the C−P−C plane and all 
other geometric features of the cations observed in the solid-state structure (Table 
4-3). The trend of increased P−C bond length and carbene twisting with increasing N-
alkyl group size is also predicted by the geometry optimizations. Natural bond orbital 
(NBO) analysis86 assigns two lone pairs on phosphorus for all three models: one -
type lone pair with ca. 70% s-character (population of ca. 1.9) and 30% p-character 
and a -type lone pair with nearly 100% p-character (population of ca. 1.5). Second-
order perturbation analysis reveals that the stabilization resulting from negative 
hyperconjugation of the -type lone pair into the carbene C−N antibonding orbitals is 
around 60 kcal·mol−1 for the [P(MeNHCMe)2]+ and [P(EtNHCMe)2]+ variants. This value 
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is significantly lower for [P(
iPrNHCMe)2]+ (ca. 30 kcal·mol−1). These energies are 
congruous with the increased twisting and bond lengths observed in the solid state 
structure of [P(iPrNHCMe)2][Br] relative to those of cations bearing smaller 
substituents. Thus, the steric requirements of the much larger isopropyl groups do 
indeed prevent delocalization of the second lone pair on phosphorus to some degree. 
Table 4-3: Summary of calculated results. 
Model Nimag 
EHOMO 
(eV) 
ELUMO 
(eV) 
EH-L 
(eV) 
LP(p) 
(NBO)a 
Edeloc.b 
(kcal·mol−1) 
C−P 
(Å) 
C−P−C 
(°) 
[P(MeNHCMe)2]+ 0 −8.17 −3.67 4.50 1.53 
61.8 
61.7 
1.8115 
1.8125 
99.30 
[P(EtNHCMe)2]+ 0 −7.95 −3.72 4.23 1.54 
62.2 
62.4 
1.8157 
1.8156 
100.38 
P[(
iPrNHCMe)2]+ 0 −7.83 −3.50 4.33 1.62 
32.0 
32.0 
1.8269 
1.8269 
100.19 
a Number of lone pairs assigned to the phosphorus atom in the lowest energy configuration determined 
by the NBO analysis. 
b Stabilization energy associated with delocalization of the π-type lone pair on P with the adjacent π-
bonds determined by the NBO analysis. 
4.2.4  UV-Vis Spectroscopy 
Dimroth’s original accounts of phosphamethine cyanines included a variety of 
quinolyl-, thiazolyl- and benzannulated imidazolyl-substituted variants (like those 
for which we now present structural data) that were studied for their dye properties.4 
With this in mind, we have performed UV-Vis spectroscopy on the dimethyl-backbone 
variants that we have synthesized to complete the series (Figure 4-4). There are two 
absorption maxima in the yellow (observed) region with extinction coefficients in the 
104 L·mol−1·cm−1 range (Table 4-4). These maxima are hypsochromically and 
hypochromically shifted compared to those of benzannulated derivatives,4 as one 
might expect for the smaller conjugated system. As with other cyanine species, 
bathochromic and hypochromic shifting of the λmax with increasing N-alkyl group size 
is observed, consistent with the “Brunnings-Corwin” effect: the twisting of the 
heterocycles, promoted by the more sterically demanding substituents, raises the 
ground-state energy of the molecules, thus decreasing the excitation energy.87 The 
effects of sterics on the planarity and the electronic structure of dye molecules 
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(cyanines in particular) was widely-appreciated in the mid-20th century.88 However, 
the present study is a rare example in which the structures of all the species in 
question have been determined crystallographically. 
Table 4-4: UV-Vis data for [P(RNHCMe)2][Br] salts in dry MeCN. 
Compound 
λmax 
(nm) 
ε 
(L·mol−1·cm−1) 
λmax 
(nm) 
ε 
(L·mol−1·cm−1) 
[P(MeNHCMe)2][Br] 326 5 000 379 12 000 
[P(EtNHCMe)2][Br] 334 3 700 393 9 800 
[P(
iPrNHCMe)2][Br] 345 3 000 394 6 900 
 
 
Figure 4-4: UV-Vis spectra of [P(MeNHCMe)2][Br] (green), [P(EtNHCMe)2][Br] (blue), and 
[P(
iPrNHCMe)2][Br] (red) in MeCN at ambient temperature. 
4.2.5  Cyclic Voltammetry 
Cyclic voltammetry was performed on [P(MeNHCMe)2][OTf] (vide infra) in 
order to rank its oxidation potential against those of [P(MebNHC)][OTf]77 and 
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[P(EtTZMe)][I].37 This is a commonly employed method of assessing the relative donor 
ability for phosphines, for example, where the more electron-rich phosphines are 
necessarily easier to oxidize.89 They are thus be considered better donors. An 
irreversible oxidation wave at +0.015 V (vs Fc/Fc+) at scan speeds of 100 mV·s−1 in 
MeCN solutions of [P(MeNHCMe)2][OTf] is observed, indicating that acyclic cations of 
this type are much easier to oxidize than [P(MebNHC)][OTf] (+0.341 V); this behaviour 
can be rationalized on the basis of the greater degree of -bonding in the latter’s 
constrained cyclic system.77 On the other hand, the acyclic NHC-stabilized cations are 
less easily oxidized than [P(EtTZMe)2][I], whose first oxidation wave appears at −0.070 
V.37 While this could be inferred as being a result of the superior donating ability of 
SNHC ligands with respect to their NHC analogues, the presence of the electron-rich 
sulfur atoms in the former case might contribute to the molecules’ ease of oxidation. 
4.2.6  Reactivity Studies 
An important advantage of the triphosphenium P+ transfer synthetic approach 
is that the halide salts of NHC-stabilized phosphorus(I) cations are readily accessible. 
These can then undergo metathesis reactions with anion-exchange reagents for anion 
selectivity. With this in mind, treatment of the NHC-stabilized phosphorus(I) bromide 
or iodide salts with either TMS-OTf or [Na][BPh4] grants the [OTf]− or [BPh4]− salts, 
respectively, in quantitative yields. The [OTf]− and [BPh4]− salts of [P(MeNHCMe)2]+ 
may alternatively be synthesized in very good yields by reacting MeNHCMe with 
[Pdppe][BPh4] or [Pdppe][OTf], respectively. Aside from the increased solubility that 
is bestowed onto these salts relative to the halide derivatives, such exchange 
reactions can be important when considering further reactivity. 
In a similar vein to the recent report by Weigand and co-workers,69 we 
observed that the treatment of the [OTf]− salts [P(MeNHCMe)2][OTf] or 
[P(MeNHCB)2][OTf] with triflic acid results in a complete loss of colour from the 
reaction solutions. The 31P NMR spectrum of each reaction mixture features a doublet 
(|1JPH| ca. 285 Hz) that is shielded with respect to the shift of the parent compound 
(−128 ppm for [HP(MeNHCMe)2][OTf]2 and −130 ppm for [HP(MeNHCB)2][OTf]2). 
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These doublets “coalesce” into singlets upon proton decoupling, suggesting that the 
expected dicationic phosphines of the type [HP(MeNHCR')2][OTf]2 are formed 
(Scheme 4-2). Recrystallization of the material from either DCM or MeCN yields 
colourless crystals suitable for SCXRD (Figure 4-5). The P−C bond lengths in the 
dications are significantly longer than those of their parent compounds, consistent 
with a decrease in P−C bond order. Widening of the C−P−C angle and an increased 
degree of twisting of the heterocycles from the C−P−C plane (54.1° and 73.7° for 
[HP(MeNHCMe)2][OTf]2 and 59.9° and 66.9° for [HP(MeNHCB)2][OTf]2) are also 
observed. Attempts to protonate the dications a second time have been unsuccessful. 
DFT calculations reveal that while the enthalpy of protonation for the parent cation 
is around −700 kJ·mol−1 (and is thus synthetically viable), the enthalpy of protonation 
for the dication is −195 kJ·mol−1, suggesting that the resulting trication would not be 
accessible under common laboratory solvent conditions.90,91 
 
Scheme 4-2: Synthesis of [RP(MeNHCMe)2][OTf]2 (R = H or Me).  
As with protonation, alkylation of the [OTf]− salt [P(MeNHCMe)2][OTf] using 
Me-OTf proceeds smoothly to give the colourless methylated dication 
[(H3C)P(MeNHCMe)2][OTf]2 (Scheme 4-2). The 31P NMR signal for the dication is 
deshielded with respect to that of the parent compound, appearing at −55 ppm, and 
the two-bond coupling of phosphorus to the methyl protons has a magnitude of 6.0 
Hz. Crystals of this material were grown by evaporation of a layered pentane/MeCN 
solution, giving colourless crystals. These shattered at temperatures below −35 °C, 
making low-temperature data collection difficult. As expected, the phosphine takes 
on a pyramidal structure. Compared to the parent compound, the P−C(carbene) bond 
lengths of 1.837(3) Å and 1.839(3) Å are elongated, and the C−P−C bond angle of 
100.59(11)° is widened (Figure 4-5). The P−CH3 bond of 1.825(3) Å is quite short for 
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P−C single bonds, but not unexpected considering the short P−CH3 bond length seen 
in the related dication [H3CP{C(NMe2)2}2][I]2 (1.816(10) Å) reported by 
Schmidpeter.20 The twisting of the heterocycles is very pronounced in the case of 
[(H3C)P(MeNHCMe)2][OTf]2 (61.3° and 81.3° from the C−P−C plane), which makes the 
heterocycles in this structure the most twisted of all species reported herein. As α-
cationic phosphines have recently been found to be of significant importance as 
supporting ligands in -acid catalysis,89 syntheses of dicationic secondary and 
tertiary cationic phosphines from NHC-stabilized phosphorus(I) precursors should 
allow for high tunability of the resulting ligands. 
 
Figure 4-5: Thermal ellipsoid plots (50% probability surface) of [HP(MeNHCMe)2][OTf]2, 
[H3CP(MeNHCMe)2][OTf]2, and [HP(MeNHCB)2][OTf]2 (left to right). Anions, solvent molecules, 
and hydrogen atoms not bound to phosphorus are omitted for clarity. Selected bond lengths 
(Å) and angles (°): [HP(MeNHCMe)2][OTf]2: P−C11, 1.860(10); P−C11', 1.807(10); C11−N12, 
1.344(6); C11−N15, 1.344(6); C11−P−C11', 99.5(3). [(H3C)P(MeNHCMe)2][OTf]2: P−C31, 
1.825(3); P−C11, 1.839(3); P−C21, 1.837(3); C21−P−C11, 100.59(11); C31−P−C11, 
108.51(13); C31−P−C21, 102.70(13). [HP(MeNHCB)2][OTf]2: P−C11, 1.838(3); P−C21, 
1.836(3); C11−N12, 1.346(3); C11−N15, 1.346(3); C21−N22, 1.348(3); C21−N25, 1.338(3); 
C11−P−C21, 98.10(11). 
We have shown that oxidation of a phosphamethine cyanine by sulfur grants 
a rare example of a cationic dithiophosphinate salt (or donor-stabilized PS2+ ion92).37 
Indeed, the treatment of NHC-stabilized phosphorus(I) cations with elemental sulfur 
results in oxidation of the phosphorus centre. The resulting dithiophosphinate 
cations of the form [S2P(MeNHCR')2]+ are colourless/pale-yellow solids (Scheme 4-3). 
The 31P NMR signals for the dithionated cations are remarkably deshielded with 
respect to those of the parent cations, shifting from −114 ppm to 25 ppm for 
[S2P(MeNHCMe)2][Br] as an example. 
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Scheme 4-3: Synthesis of [S2P(MeNHCMe)2][Br]. 
As with the other oxidations reactions, lengthening of the P−C bonds (1.846(4) 
Å for [S2P(MeNHCMe)2][Br] for and 1.8619(13) Å for [S2P(MeNHCB)2][I]) and 
widening of the C−P−C angles (98.1(3)° for [S2P(MeNHCMe)2][Br] and 96.79(8)° for 
[S2P(MeNHCB)2][I]) are observed (Figure 4-6). The phosphorus atom in each of these 
cations adopts a distorted tetrahedral environment: the angle between C−P−C and 
S−P−S planes is ca. 82° in both cases. 
 
Figure 4-6: Thermal ellipsoid plots (50% probability surface) of [S2P(MeNHCMe)2][Br] (left) 
and [S2P(MeNHCB)2][I] (right). Anions, solvent molecules, and hydrogen atoms are omitted 
for clarity. Selected bond lengths (Å) and angles (°): [S2P(MeNHCMe)2][Br]: P−S, 1.9494(14); 
P−C1, 1.846(4); C1−N2, 1.349(5); C1−N5, 1.349(5); C1−P−C1', 98.1(3); S−P−S', 120.48(11). 
[S2P(MeNHCB)2][I]: P1−S1, 1.9496(4); P1−C11, 1.8619(13); C11−N12, 1.3508(16); C11−N15, 
1.3445(17); C11−P1−C11', 96.79(8); S1−P1−S1', 124.27(3). 
The ability of NHC-stabilized phosphorus(I) cations to function as ligands for 
coinage metals has been previously shown by Weigand and co-workers and by our 
group.67,77 Similar to their observations, we have found that [P(MeNHCMe)2]+ can as a 
ligand to either one or two equivalents of gold(I) chloride, providing monometallic or 
bimetallic complexes, respectively (Scheme 4-4). The process of coordination is 
accompanied by a deshielding (and a slight broadening) of the 31P NMR signal to ca. 
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−87 ppm for the monometallic complex and to ca. −70 ppm for the bimetallic complex. 
Perhaps expectedly, the isotope patterns in the mass spectra of both compounds 
reveal halide exchange between the [Br]− anion of the precursor ligand with the [Cl]− 
of the gold(I) reagent. 
 
Scheme 4-4: Synthesis of [AuCl{P(MeNHCMe)2}][Br] and [ClAu{μ-P(MeNHCMe)2}AuCl][Br]. 
Because the halide salts of these complexes proved difficult to crystallize, the 
corresponding [BPh4]− salts were prepared in the hopes that they would furnish 
crystals suitable for SCXRD. Fortunately, single crystals of the monometallic complex 
[AuCl{P(MeNHCMe)2}][BPh4] were obtained (Figure 4-7). Interestingly, attempts to 
grow crystals of the bimetallic complex [ClAu{μ-P(MeNHCMe)2}AuCl][BPh4] resulted 
in the isolation of crystalline [ClAu{μ-P(MeNHCMe)2}AuCl][AuCl2] (Figure 4-7). 
Other than the elongation of the P−C bonds, the metrical parameters of the 
[P(MeNHCMe)2]+ fragment in these complexes remain relatively unchanged from 
those of the parent compound. The P−Au distances in [AuCl{P(MeNHCMe)2}]+ 
(2.2557(4) Å) and [ClAu{μ-P(MeNHCMe)2}AuCl]+ (2.2290(7) Å and 2.2326(7) Å) are 
of comparable length. These distances are typical of those seen in other 
phosphorus(I) gold systems.67,93–96 The short Au−Au distance of 3.09616(19) Å 
CHAPTER 4: 
Convenient Preparation and Detailed Analysis of a Series of NHC-Stabilized Phosphorus(I) Cations 
 98  References begin on page 117 
between one of the ligated gold atoms in [ClAu{μ-P(MeNHCMe)2}AuCl]+ and the gold 
atom in the [AuCl2]− anion is consistent with other aurophilic interactions.97 
 
Figure 4-7: Thermal ellipsoid plots (50% probability surface) of [AuCl{P(MeNHCMe)2}][BPh4] 
(left) and [ClAu{μ-P(MeNHCMe)2}AuCl][AuCl2] (right). The [BPh4]− anion, solvent molecules, 
and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°) for 
[AuCl{P(MeNHCMe)2}][BPh4]: Au−Cl, 2.3050(3); Au−P, 2.2557(4); P−C11, 1.8303(13); P−C21, 
1.8323(13); P−Au−Cl, 172.184(12); C11−P−C21, 96.64(6). 
[ClAu{μ-P(MeNHCMe)2}AuCl][AuCl2]: Au1−Cl1, 2.2800(7); Au2−Cl2, 2.2922(7); Au3−Cl3, 
2.2690(7); Au3−Cl4, 2.2648(8); P−Au1, 2.2290(7); P−Au2, 2.2326(7); P−C11, 1.834(3); 
P−C21, 1.827(3); Au2−Au3, 3.09616(19); C11−P−C21, 98.82(12); Au1−P−Au2, 111.53(3). 
In contrast to the sterically encumbered gold complexes of the phosphorus(I) 
cation reported by Weigand, the complexes reported herein are significantly less 
bulky. The results of this difference are most noticeable when examining the 
geometry of the ligands: while the bulky Dipp groups enforce a butterfly geometry 
onto the heterocycles of their gold complexes, the imidazolyl groups of the complexes 
presented herein are twisted with respect to each other. As we illustrated previously, 
such changes have an important effect on the properties of the phosphorus(I) cations, 
and the observation highlights the possibility for fine tuning of the ligand properties 
in such systems. It is well understood that steric and electronic control of ligands in 
organometallic chemistry is critical for their continued development. The vast steric 
and electronic diversity found in the carbene family of ligands should indeed allow 
for a tremendous diversity of carbene-stabilized phosphorus(I) ligands. 
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4.3  Conclusions 
The isolation and full characterization of a family of NHC-stabilized 
phosphorus(I) cations have been accomplished by the reaction of NHCs with an easily 
prepared triphosphenium precursor. In contrast to other possible synthetic routes, 
this P+ transfer protocol is P-atom efficient, reliable, safe, and the purification of the 
resultant salts is facile. The simplicity of this synthetic approach has allowed us to 
prepare two series of analogous phosphamethine cyanine cations and probe the 
relationship between their structural features and their spectroscopic properties. 
The halide salts obtained from this convenient protocol easily undergo anion 
exchange, which allows for improved control of their physical and chemical 
properties. Examples of reactivity probed include oxidation by sulfur, granting 
dithiophosphinate cations; protonation or methylation to give dicationic phosphines; 
and coordination to gold(I) chloride. Further reactivity studies involving NHC-
stabilized phosphorus(I) salts and the derivatives reported herein are ongoing. 
4.4  Experimental 
4.4.1  General Remarks 
All manipulations were carried out using standard inert atmosphere 
techniques. 1,2-bis(diphenylphosphino)ethane (dppe) and gold(I) chloride (AuCl) 
were purchased from Strem Chemicals Inc. and all other chemicals and reagents were 
obtained from Sigma Aldrich. All reagents were used without further purification. 
CD3CN was dried over calcium hydride or phosphorus pentoxide. DCM-d2 and 
chloroform-d3 were dried over phosphorus pentoxide. All other solvents were dried 
on a series of Grubbs’ type columns and were degassed prior to use.98 [Pdppe][Br],99 
[Pdppe][BPh4], [Pdppe][OTf],100 MeNHCMe, EtNHCMe, 
iPrNHCMe,101 [(MeNHCB)H][I], 
[(EtNHCB)H][I], and [(iPrNHCB)H][I]102 were all synthesized according to literature 
methods. NMR spectra were recorded at room temperature on Bruker Avance III 500 
MHz, Bruker Avance Ultrashield 300 MHz, or Bruker Avance DPX 300 MHz 
spectrometers. Chemical shifts are reported in ppm relative to internal standards for 
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1H and 13C (the given deuterated solvent) and external standards for 31P (85% H3PO4), 
19F (CFCl3), and 11B (Et2O·BF3). Coupling constants |J| are given in Hz. Elemental 
Analysis was performed at the University of Windsor Mass Spectrometry Service 
Laboratory using a Perkin Elmer 2400 combustion CHN analyzer. HR-ESI-MS was 
performed either at the University of Windsor Mass Spectrometry Service Laboratory 
using a Micromass LCT mass spectrometer or at the McMaster Regional Centre for 
Mass Spectrometry. Melting points were determined in sealed (under nitrogen) or 
open capillary tubes using an Electrothermal Mel-Temp® melting point apparatus. 
UV-Vis spectra were recorded on an Agilent 8453 diode array spectrophotometer. 
Absorption maxima (λmax) are reported in nm and the molar absorption coefficients 
(ε) are reported in L·mol−1·cm−1. Cyclic voltammetry was performed in dry MeCN 
solutions using a [NBu4][PF6] electrolyte (0.1 M) with an analyte concentration of 
about 0.01 M. A glassy carbon electrode, a platinum wire, and an Ag/AgCl electrode 
were used as the working, auxiliary, and reference electrodes, respectively. The 
experiments were run with a scan rate of 100 mV·s−1 and a sensitivity of 100 μA·V−1. 
The potentials reported are referenced to ferrocene/ferrocenium (E1/2= 0.0 V). 
4.4.2  Synthetic Information 
 General synthesis of [P(RNHCMe)2][Br] salts: A colourless suspension of 
[Pdppe][Br] in toluene is added to a solution of the given RNHCMe carbene in toluene 
and left to stir overnight. The resulting light-yellow precipitate is collected by 
filtration and washed with toluene. Crystals suitable for SCXRD were obtained by 
slow evaporation of MeCN solutions for the N-methyl and -ethyl variants and a THF 
solution for the -isopropyl variant. 
[P(MeNHCMe)2][Br]: Reagents: [Pdppe][Br] (1.281 g, 
2.516 mmol); MeNHCMe (0.625 g, 5.03 mmol). Yield: 87% 
(0.784 g, 2.18 mmol). UV-Vis (MeCN) λmax (ε): 326 (5 
000), 379 (12 000) L·mol−1·cm−1. 31P{1H} NMR (CD3CN, 
202.5 MHz) δ: −113.6 (s). 13C{1H} NMR (CD3CN, 125.8 
MHz) δ: 9.8 (s, NCCH3), 34.2 (d, NCH3, 3JCP = 8.2), 126.5 (s, NCCH3), 156.7 (d, 1JCP = 
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88.5, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 2.25 (s, 12H, NCCH3), 3.49 (s, 12H, NCH3). 
Mp: 190−193 °C (decomposition). Elemental analysis: calculated for C14H24N4PBr: 
C, 46.81; H, 6.73; N, 15.60, found: C, 46.62; H, 6.79; N, 15.21. HR-ESI-MS: calculated 
for [C14H24N4P]+ m/z = 279.1739, found: 279.1705. 
[P(EtNHCMe)2][Br]: Reagents: [Pdppe][Br] (0.167 g, 
0.328 mmol); EtNHCMe (0.100 g, 0.657 mmol). Yield: 75% 
(0.102 g, 0.246 mmol). UV-Vis (MeCN) λmax (ε): 334 (3 
700), 393 (9 800). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: 
−128.7 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.2 (s, 
NCH2CH3), 14.7 (s, NCCH3), 43.0 (d, 3JCP = 6.6, NCH2CH3), 127.4 (s, NCCH3), 156.4 (d, 
1JCP = 94.1, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 1.05 (t, 3JHH = 7.2, 12H, NCH2CH3), 
2.20 (s, 12H, NCCH3), 4.03 (q, 3JHH = 7.2, 8H, NCH2CH3). Mp: 180−182 °C 
(decomposition). Elemental analysis: calculated for C18H32N4PBr: C, 52.05; H, 7.76; 
N, 13.49, found: C, 51.83; H, 7.72; N, 13.15. HR-ESI-MS: calculated for [C18H32N4P]+ 
m/z = 335.2365, found: 335.2360. 
[P(
iPrNHCMe)2][Br]: Further purification of the product 
was required and done by dissolving the collected 
material in THF and separating any insoluble material by 
centrifuge. The supernatant was collected, and solvent 
was removed under reduced pressure, giving a pure 
product. Reagents: [Pdppe][Br] (0.220 g, 0.432 mmol); iPrNHCMe (0.170 g, 0.942 
mmol). Yield: 79% (0.160 g, 0.340 mmol). UV-Vis (MeCN) λmax (ε): 345 (3 000), 394 
(6 900). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: −125.7 (br). 13C{1H} NMR (CD3CN, 
125.8 MHz) δ: 10.8 (s, NCH(CH3)2), 21.0 (s, NCCH3), 53.7 (d, 3JCP = 9.8, NCH(CH3)2), 
128.5 (s, NCCH3), 158.5 (d, 1JCP = 98.2, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 1.32 (d, 
3JHH = 7.0, 24H, NCH(CH3)2), 2.27 (s, 12H, NCCH3), 5.36 (br, 4H, NCH(CH3)2). 
Elemental analysis: calculated for C22H40N4PBr: C, 56.05; H, 8.55; N, 11.88, found: C, 
55.48; H, 8.79; N, 11.56. HR-ESI-MS: calculated for [C22H40N4P]+ m/z = 391.2983, 
found: 391.2985. 
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 General synthesis of [P(RNHCB)2][Br] salts: A colourless suspension of the 
given 1,3-dialkylbenzimidazolium iodide in THF is added to the given base in THF. 
After three hours, the carbene/olefin solution is centrifuged, and the supernatant is 
added to a flask containing [Pdppe][Br] in THF and left to stir overnight. All volatiles 
are then removed under reduced pressure, and the product is suspended and washed 
with toluene. The solid is then dissolved in DCM and separated from any insoluble 
material by centrifuge. The supernatant solution is decanted, and DCM is removed 
under reduced pressure to yield a pure product. Crystals suitable for SCXRD were 
obtained by slow evaporation of MeCN solutions for all variants. 
[P(MeNHCB)2][Br]: Reagents: sodium hydride (0.146 
g, 6.08 mmol) and [K][OtBu] (0.003 g, 0.03 mmol); 
[(MeNHCB)H][I] (1.112 g, 4.057 mmol); [Pdppe][Br] 
(0.767 g, 1.51 mmol). Yield: 53% (0.325 g, 0.806 
mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: −100.6 
(s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 34.4 (d, 3JCP = 8.2, NCH3), 112.3 (s, Ar), 126.1 
(s, Ar), 134.9 (d, 3JCP = 2.4, Ar), 168.1 (d, 1JCP = 86.8, PCN). 1H NMR (CD3CN, 300.1 
MHz) δ: 3.68 (s, 12H, NCH3), 7.62 (m, 4H, Ar), 7.50 (m, 4H, Ar). Elemental analysis: 
calculated for C18H20N4PBr: C, 53.61; H, 5.00; N, 13.89, found: C, 53.60; H, 4.96; N, 
13.87. HR-ESI-MS: calculated for [C18H20N4P]+ m/z = 323.1420, found: 323.1421. 
[P(EtNHCB)2][Br]: Reagents: [K][N(TMS)2] (0.500 g, 
2.51 mmol); [(EtNHCB)H][I] (0.610 g, 2.02 mmol); 
[Pdppe][Br] (0.610 g, 1.20 mmol). Yield: 57% (0.160 
g, 0.340 mmol). 31P{1H} NMR (CD3CN, 121.5 MHz) δ: 
−109.4 (s). 13C{1H} NMR (CD3CN, 125.8) δ: 13.8 (s, 
NCH2CH3), 43.3 (d, 3JCP = 7.2, NCH2CH3), 112.6 (s, Ar), 126.2 (s, Ar), 134.2 (d, 3JCP = 2.1, 
Ar), 165.6 (d, 1JCP = 90.9, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 1.28 (t, 1JHH = 7.5, 
12H, NCH2CH3), 4.29 (dq, 1JHH = 7.2, 4JHP = 0.6, 8H, NCH2CH3), 7.51 (m, 4H, Ar), 7.68 
(m, 4H, Ar). Elemental analysis: calculated for C22H28N4PBr·CH2Cl2: C, 50.75; H, 5.55; 
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N, 10.29, found: C, 50.66; H, 5.50; N, 9.83. HR-ESI-MS: calculated for [C22H28N4P]+ m/z 
= 379.2052, found: 379.2065. 
[P(iPrNHCB)2][Br]: Reagents: sodium hydride (0.075 
g, 3.1 mmol); [(iPrNHCB)H][I] (0.860 g, 2.61 mmol); 
[K][OtBu] (0.005 g, 0.05 mmol); [Pdppe][Br] (0.630 g, 
1.24 mmol). Yield: 95% (0.611 g, 1.18 mmol). 31P{1H} 
NMR (CD3CN, 202.5 MHz) δ: −108.5 (br). 13C{1H} 
NMR (CD3CN, 125.8 MHz) δ: 20.4 (s, NCH(CH3)2), 55.0 (d, 3JCP = 10.1, NCH(CH3)2), 
115.2 (s, Ar), 126.0 (s, Ar), 133.2 (d, 3JCP = 2.5, Ar), 167.1 (d, 1JCP = 94.2, PCN). 1H NMR 
(CD3CN, 500.1 MHz) δ: 1.49 (d, 3JHH = 7.0, 24H, NCH(CH3)2), 5.36 (dsept, 3JHH = 7.0, 
4JHP = 1.5, 4H, NCH(CH3)2), 7.48 (m, 4H, Ar), 7.68 (m, 4H, Ar). Elemental analysis: 
calculated for C26H36N4PBr·C2H3N: C, 60.43; H, 7.06; N, 12.58, found: C, 59.97; H, 7.04; 
N, 12.32. HR-ESI-MS: calculated for [C26H36N4P]+ m/z = 435.2672, found: 435.2672. 
[P(MeNHCMe)2][BPh4]: A colourless solution of 
[Na][BPh4] (0.095 g, 0.28 mmol) in THF (20 mL) was 
added to a yellow solution of [P(MeNHCMe)2][Br] (0.100 g, 
0.278 mmol) in THF (20 mL). The solution was stirred for 
an hour after which volatile components were removed 
under reduced pressure. The residue was dissolved in DCM and the precipitate was 
removed by filtration and washed with DCM (3 x 20 mL). All volatile components 
were removed from the filtrate under reduced pressure yielding a yellow product. 
Crystals suitable for SCXRD were obtained by slow evaporation of a DCM solution. 
Yield: 96% (0.160 g, 0.267 mmol). 
 In an alternative synthesis, a colourless suspension of [Pdppe][BPh4] (0.602 g, 
0.804 mmol) in THF (30 mL) was added to a solution of MeNHCMe (0.200 g, 1.61 mmol) 
carbene in THF (30 mL) and left to stir for four hours. The resulting light-yellow 
solution was placed under reduced pressure to remove all volatiles, and Et2O (40 mL) 
was added. The flask was sonicated for 5 minutes until a fine precipitate had lifted 
from the glass. The precipitate was collected by filtration, washed with fresh Et2O (3 
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x 10 mL), and dried under reduced pressure. Yield: 88% (0.423 g, 0.707 mmol). 
31P{1H} NMR (CD3CN, 202.5 MHz) δ: −110.7 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) 
δ: 9.2 (s, NCCH3), 33.3 (d, 3JCP = 8.1, NCH3), 121.6 (s, NCCH3), 125.5 (s, Ar), 126.2 (s, 
Ar), 136.2 (s, Ar), 157.2 (d, 1JCP = 90.4, PCN), 164.1 (q, 1JCB = 49.3, BPh4). 11B NMR 
(CD3CN, 96.3 MHz) δ: −5.4 (s, BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 1.95 (s, 12H, 
NCCH3), 3.11 (s, 12H, NCH3). Mp: 168−169 °C. Elemental analysis: calculated for 
C38H44N4PB: C, 76.25; H, 7.41; N, 9.36, found: C, 76.43; H, 8.09; N, 9.38. 
[P(MeNHCMe)2][OTf]: A solution of TMS-OTf (0.30 mL, 1.7 
mmol) in toluene (20 mL) was added to a yellow solution 
of [P(MeNHCMe)2][Br] (0.500 g, 1.39 mmol) in toluene (20 
mL). The reaction flask immediately turned lighter in 
colour and was stirred for an hour. The resulting 
precipitate was collected by filtration and washed with toluene (3 x 20 mL). Volatile 
components were removed under reduced pressure resulting in a pale-yellow solid 
that was then recrystallized by slow evaporation of a DCM solution. Yield: 99% 
(0.590 g, 1.38 mmol). 
 In an alternative synthesis, a colourless suspension of [Pdppe][OTf] (0.407 g, 
0.704 mmol) in THF (20 mL) was added to a solution of MeNHCMe (0.175 g, 1.41 mmol) 
carbene in THF (20 mL) and left to stir for four hours. The resulting light-yellow 
solution was placed under reduced pressure to remove all volatiles, and Et2O (40 mL) 
was added. The flask was sonicated for 15 minutes until a fine precipitate had lifted 
from the glass. The precipitate was collected by filtration, washed with fresh Et2O (3 
x 10 mL), and dried under reduced pressure. Yield: 85% (0.256 g, 0.597 mmol). 
31P{1H} NMR (CD3CN, 202.5 MHz) δ: −112.3 (s). 19F{1H} NMR (CD3CN, 470.5 MHz) 
δ: −79.7 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.3 (s, NCCH3), 34.1 (d, 3JCP = 7.0, 
NCH3), 122.1 (q, 1JCF = 318.8, CF3), 127.1 (s, NCCH3), 158.3 (d, 1JCP = 88.0, PCN). 1H 
NMR (CD3CN, 500.1) δ: 2.19 (s, 12H, NCCH3), 3.40 (s, 12H, NCH3). Mp: 144−146 °C. 
Elemental analysis: calculated for C15H24N4PO3SF3·CH2Cl2: C, 37.44; H, 5.11; N, 
10.91, found: C, 37.38; H, 4.79; N, 10.25. Cyclic Voltammetry: Eox = +0.015. 
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[P(MeNHCB)2][OTf]: TMS-OTf (0.049 mL, 0.27 mmol) 
was added to a yellow suspension of 
[P(MeNHCB)2][Br] (0.100 g, 0.248 mmol) in toluene 
(10 mL) and left to stir for 1 hour. The yellow 
precipitate was collected, washed with toluene (3 x 5 
mL) and dried under reduced pressure. The product was then dissolved in DCM, and 
any insoluble material was removed by centrifuge. The supernatant was collected, 
and the solvent was removed under reduced pressure. Crystals suitable for SCXRD 
were obtained by slow evaporation of an MeCN solution. Yield: 90% (0.115 g, 0.243 
mmol). 31P{1H} NMR (CDCl3, 202.5 M Hz) δ: −101.7 (s). 19F{1H} NMR (CDCl3, 470.5 
MHz) δ: −78.7 (s). 13C{1H} NMR (CDCl3, 125.8 MHz) δ: 33.9 (d, 3JCP = 8.2, NCH3) 111.4 
(s, Ar), 120.9 (q, 1JCF = 320.7, CF3), 127.6 (s, Ar), 133.7 (d, Ar, 3JCP = 1.9), 166.5 (d, 1JCP 
= 87.6, PCN). 1H NMR (CDCl3, 500.1 MHz) δ: 3.79 (s, 12H, NCH3), 7.48 (m, 4H, Ar), 
7.59 (m, 4H, Ar). Elemental analysis: calculated for C19H20N4PO3SF3: C, 48.31; H, 
4.27; N, 11.86, found: C, 48.07; H, 4.21; N, 11.24. 
[HP(MeNHCMe)2][OTf]2: A solution of triflic acid (0.021 
mL, 0.23 mmol) in toluene (20 mL) was added to a yellow 
solution of [P(MeNHCMe)2][OTf] (0.100 g, 0.233 mmol) in 
toluene (20 mL). The reaction mixture was stirred 
overnight resulting in a white precipitate that was 
collected by filtration and washed with toluene (3 x 20 mL). Volatile components 
were removed under reduced pressure yielding a white powder. Crystals suitable for 
SCXRD were obtained by slow evaporation of a DCM solution. Yield: 60% (0.081 g, 
0.14 mmol). 31P NMR (CD3CN, 202.5 MHz) δ: −128.6 (d, 1JPH = 282.2). 19F{1H} NMR 
(CD3CN, 470.5 MHz) δ: −78.8 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.5 (s, 
NCCH3), 35.3 (d, 3JCP = 5.9, NCH3), 121.9 (q, 1JCF = 317.7, CF3), 133.0 (s, NCCH3), 135.4 
(d, 1JCP = 37.6, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 2.62 (s, 12H, NCCH3), 3.70 (s, 
12H, NCH3), 6.08 (d, 1JHP = 282.4, 1H, CPH). Mp: 120−122 °C. Elemental analysis: 
calculated for C16H25N4PO6S2F6·CH2Cl2: C, 30.78; H, 4.10; N, 8.45, found: C, 30.34; H, 
4.03; N, 8.18. 
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[HP(MeNHCB)2][OTf]2: Triflic acid (0.011 g, 0.13 
mmol) was added to a yellow suspension of 
[P(MeNHCB)2][OTf] (0.060 g, 0.13 mmol) in toluene 
(10 mL) and left to stir overnight. All volatiles were 
removed under reduced pressure and the resulting 
white solid was washed with chloroform (3 mL) and dried under reduced pressure to 
yield a pure product. Crystals suitable for SCXRD were obtained by slow evaporation 
of an MeCN solution. Yield: 86% (0.068 g, 0.11 mmol). 31P{1H} NMR (CD3CN, 202.5 
MHz) δ: −129.8 (s). 31P NMR (CD3CN, 202.5 MHz) δ: −129.8 (d, 1JPH = 288). 19F{1H} 
NMR (CD3CN, 470.5 MHz) δ: −78.9 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 35.5 (s, 
NCH3), 114.5 (s, Ar), 122.0 (q, 1JCF = 321.7, CF3), 129.1 (s, Ar), 134.7 (s, Ar) (the 
carbenic carbon was unresolved). 1H NMR (CD3CN, 500.1) δ: 4.14 (s, 12H, NCH3), 
6.55 (d, 1JHP = 287, 1H, CPH), 7.76 (m, 4H, Ar), 7.90 (m, 4H, Ar). Elemental analysis: 
calculated for C20H21N4PO6S2F6: C, 38.59; H, 3.40; N, 9.00, found: C, 38.11; H, 3.36; N, 
8.69. HR-ESI-MS: calculated for [C18H20N4P]+ m/z = 323.1420, found: 323.1422. 
[(H3C)P(MeNHCMe)2][OTf]2: A solution of Me-OTf (0.026 
mL, 0.23 mmol) in toluene (20 mL) was added to a yellow 
solution of [P(MeNHCMe)2][OTf] (0.100 g, 0.233 mmol) in 
toluene (20 mL). The reaction mixture was stirred 
overnight resulting in a white precipitate that was 
collected by filtration and washed with toluene (3 x 20 mL). Volatile components 
were removed under reduced pressure to give a white powder that can be 
recrystallized by slow evaporation of DCM. Crystals suitable for SCXRD were obtained 
by slow evaporation of an MeCN solution layered with pentane. Yield: 80% (0.110 g, 
0.186 mmol). 31P NMR (CD3CN, 202.5 MHz) δ: −55.1 (q, 1JPH = 6.0). 19F{1H} NMR 
(CD3CN, 470.5 MHz) δ: −78.8 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 7.8 (d, 1JCP = 
12.9, PCH3), 9.5 (s, NCCH3), 35.7 (d, 3JCP = 8.7, NCH3), 122.1 (q, 1JCF = 320.83, CF3), 133.1 
(s, NCCH3), 137.6 (d, 1JCP = 42.0, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 2.23 (d, 2JHP = 
6.0, 3H, PCH3), 2.26 (s, 12H, NCCH3), 3.63 (s, 12H, NCH3). Mp: 171−172 °C. Elemental 
analysis: calculated for C17H27F6N4O6PS2.CH2Cl2: C, 31.91; H, 4.31; N, 8.27, found: C, 
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31.88; H, 4.36; N, 8.92. HR-ESI-MS: calculated for [C16H27N4PO3SF3]+ m/z = 443.1494, 
found: 443.1479. 
[S2P(MeNHCMe)2][Br]: A yellow suspension of sulfur (S8) 
(0.018 g, 0.070 mmol) sonicated in DCM (20 mL) was 
added to a yellow solution of [P(MeNHCMe)2][Br] (0.100 g, 
0.278 mmol) in DCM (20 mL). The reaction mixture was 
stirred overnight, resulting in a colourless solution. The 
reaction mixture was filtered, and the filtrate collected, and all volatiles were 
removed under reduced pressure. THF was then added to the residue, and the white 
precipitate thus obtained was collected and washed with THF (3 x 20 mL). Crystals 
suitable for SCXRD were obtained by slow evaporation of an MeCN solution. Yield: 
76% (0.090 g, 0.22 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: 27.8 (s). 13C{1H} 
NMR (CD3CN, 125.8 MHz) δ: 9.3 (s, NCCH3), 34.8 (s, NCH3), 130.4 (s, NCCH3), 157.2 
(d, 1JCP = 82.6, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 2.26 (s, 12H, NCCH3), 3.87 (s, 
12H, NCH3). Mp: 248 °C (decomposition). Elemental analysis: calculated for 
C14H24N4PS2Br: C, 39.72; H, 5.71; N, 13.23, found: C, 39.76; H, 5.55; N, 13.18. HR-ESI-
MS: calculated for [C14H24N4PS2]+ m/z = 343.1180, found: 343.1180. 
[S2P(MeNHCB)2][Br]: A suspension of sulfur (S8) 
(0.026 g, 0.81 mmol) was added to a yellow solution of 
[P(MeNHCB)2][Br] (0.056 g, 0.14 mmol) in DCM (15 
mL). The reaction mixture was stirred overnight after 
which it was filtered. All volatiles were removed from 
the filtrate under reduced pressure. THF was added to the residue, and the off-
white/yellow precipitate was collected and washed with THF (3 x 5 mL). Though 
purity of this material could not be confirmed unambiguously, a crystal of the iodide 
salt suitable for SCXRD was obtained by slow evaporation of this material dissolved 
in MeCN. Crude yield: 32% (0.021 g, 0.050 mmol). 31P{1H} NMR (CD3CN, 202.5 
MHz) δ: 28.2 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 35.3 (s, NCH3), 114.8 (s, Ar), 
129.2 (s, Ar), 133.5 (s, NCCH), 146.4 (d, 1JCP = 70, PCN). 1H NMR (CD3CN, 500.1 MHz) 
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δ: 4.22 (s, 12H, NCH3), 7.77 (m, 4H, Ar), 7.88 (m, 4H, Ar). HR-ESI-MS: calculated for 
[C18H20N4PS2]+ m/z = 387.0867, found: 387.0869. 
[AuCl{P(MeNHCMe)2}][Br]: To a suspension of AuCl 
(0.032 g, 0.14 mmol) in DCM was added a yellow solution 
of [P(MeNHCMe)2][Br] (0.050 g, 0.14 mmol) in DCM (20 
mL). The reaction mixture was stirred overnight, and all 
volatiles were removed under reduced pressure. The 
crude residue was sonicated in THF and precipitate was collected by filtration and 
washed with THF (3 x 20 mL). The remaining volatiles were removed under reduced 
pressure to yield the product. Yield: 55% (0.045 g, 0.076 mmol). 31P{1H} NMR 
(CD3CN, 202.5 MHz) δ: −87.1 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.6 (s, 
NCCH3), 34.4 (d, 3JCP = 6.9, NCH3), 130.4 (s, NCCH3), 146.3 (d, 1JCP = 60.8, PCN). 1H NMR 
(CD3CN, 500.1 MHz) δ: 2.22 (s, 12H, NCCH3), 3.68 (s, 12H, NCH3). Mp: decomposition 
at 150 °C. Elemental Analysis: calculated for C14H24N4PAuBr2·OC4H8: C, 30.53; H, 
4.55; N, 7.91, found: C, 30.54; H, 4.61; N, 8.87. HR-ESI-MS: calculated for 
[C14H24AuClN4P]+ m/z = 511.1093, found: 511.1086. 
[AuCl{P(MeNHCMe)2}][BPh4]: A solution of 
[P(MeNHCMe)2][BPh4] (0.049 g, 0.082 mmol) in THF (3 
mL) was added to a suspension of AuCl (0.019 g, 0.082 
mmol) in THF (1 mL) and allowed to stir for 1 hour. 
During this time, a pale-yellow precipitate formed. The 
THF and any soluble material was decanted from the vial, and the pale-yellow solid 
that remained was triturated with fresh THF (3 x 1 mL) and allowed to dry under 
nitrogen. Crystals suitable for SCXRD were obtained by slow evaporation of a DCM 
solution. Yield: 70% (0.048 g, 0.058 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: 
−87.5 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.5 (s, NCCH3), 35.3 (d, 3JCP = 7, NCH3), 
122.7 (s, BPh4), 126.5 (m, BPh4), 130.6 (s, NCCH3), 136.7 (s, BPh4), 145.3 (d, 1JCP = 58, 
PCN), 164.7 (q, 1JCB = 49, BPh4). 11B NMR (CD3CN, 160.5 MHz) δ: −5.4 (s, BPh4). 1H 
NMR (CD3CN, 500.1 MHz) δ: 2.19 (s, 12H, NCCH3), 3.66 (s, 12H, NCH3). Elemental 
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analysis: calculated for C38H44N4PAuCl: C, 54.92; H, 5.34; N, 6.74, found: C, 53.44; H, 
5.77; N, 6.17. HR-ESI-MS: calculated for [C14H24AuClN4P]+ m/z = 511.1093, found: 
511.1099. 
[ClAu{μ-P(MeNHCMe)2}AuCl][Br]: To a suspension of 
AuCl (0.062 g, 0.28 mmol) in DCM was added a yellow 
solution of [P(MeNHCMe)2][Br] (0.050 g, 0.14 mmol) in 
DCM (20 mL). The reaction mixture was stirred overnight, 
and all volatiles were removed under reduced pressure. 
The residue was sonicated in THF and the precipitate was 
collected by filtration and washed with THF (3 x 20 mL), then dried under reduced 
pressure. Yield: 57% (0.065 g, 0.079 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: 
−69.7 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.8 (s, NCCH3), 36.2 (d, 3JCP = 6.2, 
NCH3), 132.4 (s, NCCH3), 145.0 (d, 1JCP = 32.3, PCN). 1H NMR (CD3CN, 500.1 MHz) δ: 
2.26 (s, 12H, NCCH3), 3.94 (s, 12H, NCH3). Mp: >320 (decomposition) °C. Elemental 
analysis: calculated for C14H24N4PAu2Cl2Br: C, 20.40; H, 2.94; N, 6.80, found: C, 19.14; 
H, 3.04; N, 4.91. HR-ESI-MS: calculated for [C14H24Au2Cl2N4P]+ m/z = 743.0447, found: 
743.0439. 
[ClAu{μ-P(MeNHCMe)2}AuCl][BPh4]: A solution of 
[P(MeNHCMe)2][BPh4] (0.050 g, 0.084 mmol) in THF (3 
mL) was added to a suspension of AuCl (0.039 g, 0.17 
mmol) in THF (2 mL) and allowed to stir for 1 hour. 
During this time, a gray precipitate formed. The THF and 
any soluble material was decanted from the vial, and the 
gray solid that remained was triturated with fresh THF (3 x 1 mL) and allowed to dry 
under nitrogen. Crystals suitable for SCXRD were obtained by slow evaporation of a 
DCM solution. Yield: 58% (0.052 g, 0.049 mmol). 31P{1H} NMR (CD3CN, 121.5 MHz) 
δ: −70.4 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 26.2 (s, NCCH3), 36.1 (s, NCH3), 
122.7 (s, BPh4), 126.5 (m, BPh4), 132.3 (s, NCCH3), 164.7 (q, 1JCB = 49) (the doublet for 
the “carbenoid” carbon was not resolved). 11B NMR (CD3CN, 160.5 MHz) δ: −6.3 (s, 
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BPh4). 1H NMR (CD3CN, 300.1) δ: 2.23 (s, 12H, NCCH3), 3.92 (s, 12H, NCH3). 
Elemental analysis: calculated for C38H44N4PAu2Cl2: C, 42.92; H, 4.17; N, 5.27, found: 
C, 42.43; H, 4.64; N, 5.55. HR-ESI-MS: calculated for [C14H24Au2Cl2N4P]+ m/z = 
743.0447, found: 743.0474. 
4.4.3  Computational Details 
Calculations were performed with the Gaussian 09 suite of programs103 using 
Compute Canada's Shared Hierarchical Academic Research Computing Network 
(SHARCNET). Model complexes were fully optimized with no symmetry constraints 
using the PBE1PBE DFT method104–106 in conjunction with the TZVP basis sets for all 
atoms107,108 using Gaussview.109 Frequency calculations were also performed at the 
same level of theory in order to confirm that the optimized structures were minima 
on the potential energy hypersurface and to determine thermochemical information. 
NBO analyses110 to determine orbital contributions, Wiberg Bond Indices, and orbital 
energies were obtained using the routine included in the Gaussian distributions.86 
Summaries of the calculated results, including cartesian coordinates are presented in 
Appendix C: Supplementary Information for Chapter 4. 
4.4.4  X-ray Crystallography 
Crystals for investigation were covered in Nujol®, mounted onto a goniometer 
head, and then rapidly cooled under a stream of cold N2 of the low-temperature 
apparatus (Oxford Cryostream) attached to the diffractometer. The data were then 
collected using the APEXII software suite111 on a Bruker Photon 100 CMOS 
diffractometer or using the SMART software on a Bruker APEX CCD diffractometer 
using a graphite monochromator with MoKα (λ = 0.71073 Å) or CuKα (λ = 1.54178 Å) 
radiation. For each sample, data were collected at low temperature. APEXII software 
was used for data reductions and SADABS112 was used for absorption corrections 
(multi-scan; semi-empirical from equivalents). XPREP was used to determine the 
space group and the structures were solved and refined using the SHELX113 software 
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suite as implemented in the WinGX114 or OLEX2115 program suites. Validation of the 
structures was conducted using PLATON.116 
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Table 4-5: Crystal data and structure refinement. 
Crystal Structure 
[P(MeNHCMe)2] 
[Br]·MeCN 
[P(MeNHCMe)2] 
[BPh4] 
[P(EtNHCMe)2] 
[Br]·0.33MeCN 
[P(iPrNHCMe)2] 
[Br] 
CCDC 1473130 1473125 1473116 1473117 
Empirical 
formula 
C16H27BrN5P C38H44BN4P C18.67H33BrN4.33P C22H40BrN4P 
Formula weight 400.30 598.55 429.04 471.46 
Temperature (K) 173(2) 100(2) 173(2) 173(2) 
Crystal system monoclinic monoclinic rhombohedral monoclinic 
Space group P21/c P21/n R3 P21/c 
a (Å) 6.9633(3) 9.6887(8) 12.1188(9) 12.3507(6) 
b (Å) 12.1035(5) 29.759(3) 12.1188(9) 17.0313(8) 
c (Å) 22.8650(8) 11.3473(9) 12.1188(9) 12.0847(6) 
α (°) 90 90 98.79 90 
β (°) 98.1280(10) 92.616(2) 98.79 100.871(2) 
γ (°) 90 90 98.79 90 
Volume (Å3) 1907.71(13) 3268.3(5) 1709.8(4) 2496.4(2) 
Z 4 4 3 4 
ρcalc (g·cm−3) 1.394 1.216 1.250 1.254 
μ (mm−1) 2.245 0.117 1.883 2.944 
F(000) 832.0 1280.0 676.0 1000.0 
Crystal size 
(mm3) 
0.192 × 0.180 × 
0.170 
0.500 × 0.213 × 
0.193 
0.300 × 0.300 × 
0.200 
0.228 × 0.151 × 
0.121 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
CuKα 
(λ = 1.54178) 
2Θ range for data 
collection (°) 
5.91 to 61.116 5.822 to 54.332 4.428 to 54.984 7.288 to 148.336 
Index ranges 
-9 ≤ h ≤ 9 
-17 ≤ k ≤ 17 
-32 ≤ l ≤ 28 
-12 ≤ h ≤ 12 
-38 ≤ k ≤ 38 
-14 ≤ l ≤ 14 
-15 ≤ h ≤ 14 
-15 ≤ k ≤ 15 
-15 ≤ l ≤ 14 
-15 ≤ h ≤ 15 
-21 ≤ k ≤ 21 
-14 ≤ l ≤ 15 
Reflections 
collected 
56643 62403 14889 52029 
Independent 
reflections 
5825 
Rint = 0.0317 
Rsigma = 0.0172 
7237 
Rint = 0.0740 
Rsigma = 0.0559 
4758 
Rint = 0.0749 
Rsigma = 0.1021 
5056 
Rint = 0.0393 
Rsigma = 0.0188 
Data/restraints 
/parameters 
5825/0/217 7237/0/405 4758/1/236 5056/0/265 
Goodness-of-fit 
on F2 
1.039 1.155 0.965 1.057 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0242 
wR2 = 0.0579 
R1 = 0.0684 
wR2 = 0.1201 
R1 = 0.0484 
wR2 = 0.0732 
R1 = 0.0299 
wR2 = 0.0734 
Final R indexes 
[all data] 
R1 = 0.0342 
wR2 = 0.0628 
R1 = 0.0973 
wR2 = 0.1298 
R1 = 0.0600 
wR2 = 0.0779 
R1 = 0.0333 
wR2 = 0.0763 
Largest diff. 
peak/hole (e·Å−3) 
0.37/-0.27 0.36/-0.36 0.54/-0.48 0.58/-0.61 
Flack parameter n/a n/a 0.350(13) n/a 
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Table 4-6: Crystal data and structure refinement. 
Crystal Structure 
[P(MeNHCB)2] 
[Br] 
[P(MeNHCB)2] 
[I] 
[P(MeNHCB)2] 
[OTf] 
[P(EtNHCB)2] 
[Br]·0.36MeCN 
CCDC 1473119 1473120 1473122 1473118 
Empirical 
formula 
C18H20BrN4P C18H20IN4P C19H20F3N4O3PS C22.72H29.07BrN4.36P 
Formula weight 403.26 450.25 472.42 474.04 
Temperature (K) 173(2) 173(2) 173(2) 173(2) 
Crystal system tetragonal monoclinic orthorhombic monoclinic 
Space group I41cd P21/c Pbca P21/n 
a (Å) 20.0956(7) 16.6369(6) 15.5193(3) 12.5586(9) 
b (Å) 20.0956(7) 14.6559(6) 15.7336(3) 14.5318(13) 
c (Å) 18.3456(7) 16.2198(6) 17.1506(3) 12.9162(12) 
α (°) 90 90 90 90 
β (°) 90 106.4580(10) 90 94.823(3) 
γ (°) 90 90 90 90 
Volume (Å3) 7408.6(6) 3792.8(3) 4187.74(14) 2348.8(3) 
Z 16 8 8 4 
ρcalc (g·cm−3) 1.446 1.577 1.499 1.341 
μ (mm−1) 2.313 1.780 2.611 1.835 
F(000) 3296.0 1792.0 1952.0 983.0 
Crystal size 
(mm3) 
0.251 × 0.154 × 
0.141 
0.226 × 0.162 × 
0.140 
0.150 × 0.117 × 
0.085 
0.197 × 0.146 × 
0.081 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
CuKα 
(λ = 1.54178) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
6.014 to 54.312 5.56 to 55 9.522 to 149.124 6.332 to 52.794 
Index ranges 
-23 ≤ h ≤ 25 
-25 ≤ k ≤ 25 
-23 ≤ l ≤ 23 
-21 ≤ h ≤ 21 
-19 ≤ k ≤ 19 
-20 ≤ l ≤ 21 
-19 ≤ h ≤ 19 
-19 ≤ k ≤ 18 
-21 ≤ l ≤ 20 
-15 ≤ h ≤ 15 
-18 ≤ k ≤ 18 
-16 ≤ l ≤ 16 
Reflections 
collected 
49192 90864 46106 58792 
Independent 
reflections 
4097 
Rint = 0.0687 
Rsigma = 0.0364 
8699 
Rint = 0.0245 
Rsigma = 0.0112 
4278 
Rint = 0.0874 
Rsigma = 0.0391 
4812 
Rint = 0.0905 
Rsigma = 0.0394 
Data/restraints 
/parameters 
4097/1/221 8699/0/441 4278/0/284 4812/2/267 
Goodness-of-fit 
on F2 
1.059 1.048 1.026 1.036 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0258 
wR2 = 0.0494 
R1 = 0.0232 
wR2 = 0.0547 
R1 = 0.0509 
wR2 = 0.1273 
R1 = 0.0371 
wR2 = 0.0918 
Final R indexes 
[all data] 
R1 = 0.0374 
wR2 = 0.0535 
R1 = 0.0279 
wR2 = 0.0579 
R1 = 0.0714 
wR2 = 0.1418 
R1 = 0.0466 
wR2 = 0.0978 
Largest diff. 
peak/hole (e·Å−3) 
0.25/-0.30 0.61/-1.14 1.43/-0.45 0.95/-0.59 
Flack parameter -0.003(4) n/a n/a n/a 
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Table 4-7: Crystal data and structure refinement. 
Crystal Structure 
[P(iPrNHCB)2] 
[Br]·MeCN 
[S2P(MeNHCMe)2] 
[Br] 
[S2P(MeNHCB)2] 
[I]·MeCN 
[HP(MeNHCMe)2] 
[OTf]2 
CCDC 1473124 1473128 1473131 1473126 
Empirical 
formula 
C28H39BrN5P C14H24BrN4PS2 C20H23IN5PS2 C16H25F6N4O6PS2 
Formula weight 556.52 423.37 555.42 578.49 
Temperature (K) 173(2) 173(2) 173(2) 173(2) 
Crystal system triclinic orthorhombic orthorhombic monoclinic 
Space group P-1 Fdd2 Pbcm C2/c 
a (Å) 10.3820(6) 20.7880(16) 7.7142(4) 8.8801(15) 
b (Å) 11.9178(7) 12.8659(7) 17.3166(7) 13.671(2) 
c (Å) 13.2672(7) 14.3885(9) 17.2570(8) 19.655(3) 
α (°) 73.322(2) 90 90 90 
β (°) 69.938(2) 90 90 97.227(3) 
γ (°) 89.165(2) 90 90 90 
Volume (Å3) 1470.66(15) 3848.3(4) 2305.25(19) 2367.2(7) 
Z 2 8 4 4 
ρcalc (g·cm−3) 1.257 1.461 1.600 1.623 
μ (mm−1) 1.476 2.438 1.656 0.381 
F(000) 584.0 1744.0 1112.0 1192.0 
Crystal size 
(mm3) 
0.160 × 0.140 × 
0.050 
0.140 × 0.097 × 
0.030 
0.270 × 0.230 × 
0.200 
0.400 × 0.300 × 
0.300 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.654 to 55.076 6.888 to 56.318 6.246 to 57 4.178 to 54.992 
Index ranges 
-13 ≤ h ≤ 13 
-15 ≤ k ≤ 15 
-17 ≤ l ≤ 17 
-27 ≤ h ≤ 27 
-17 ≤ k ≤ 17 
-19 ≤ l ≤ 19 
-10 ≤ h ≤ 10 
-23 ≤ k ≤ 23 
-23 ≤ l ≤ 23 
-11 ≤ h ≤ 10 
-17 ≤ k ≤ 17 
-24 ≤ l ≤ 16 
Reflections 
collected 
51139 24271 77372 6993 
Independent 
reflections 
6789 
Rint = 0.0860 
Rsigma = 0.0467 
2360 
Rint = 0.1034 
Rsigma = 0.0544 
3012 
Rint = 0.0327 
Rsigma = 0.0085 
2540 
Rint = 0.0534 
Rsigma = 0.0750 
Data/restraints 
/parameters 
6789/0/324 2360/1/105 3012/0/131 2540/1/167 
Goodness-of-fit 
on F2 
1.029 1.024 1.064 1.059 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0341 
wR2 = 0.0874 
R1 = 0.0347 
wR2 = 0.0643 
R1 = 0.0208 
wR2 = 0.0546 
R1 = 0.0778 
wR2 = 0.1722 
Final R indexes 
[all data] 
R1 = 0.0412 
wR2 = 0.0917 
R1 = 0.0549 
wR2 = 0.0700 
R1 = 0.0216 
wR2 = 0.0556 
R1 = 0.1089 
wR2 = 0.1934 
Largest diff. 
peak/hole (e·Å−3) 
0.54/-0.31 0.37/-0.23 1.01/-0.65 0.59/-0.52 
Flack parameter n/a 0.100(6) n/a n/a 
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Table 4-8: Crystal data and structure refinement. 
Crystal Structure 
[HP(MeNHCB)2] 
[I]2·MeCN 
[HP(MeNHCB)2] 
[OTf]2·MeCN 
[(H3C)P(MeNHCB)2] 
[OTf]2 
CCDC 1473123 1473121 1473127 
Empirical 
formula 
C20H24I2N5P C22H24F6N5O6PS2 C17H27F6N4O6PS2 
Formula weight 619.21 663.55 592.51 
Temperature (K) 173(2) 173(2) 243(2) 
Crystal system monoclinic triclinic monoclinic 
Space group P21/c P-1 P21/c 
a (Å) 9.6310(5) 8.0203(4) 8.2808(6) 
b (Å) 11.6495(7) 13.8070(6) 14.1563(10) 
c (Å) 21.6719(12) 13.9727(6) 21.9892(17) 
α (°) 90 103.508(2) 90 
β (°) 102.066(2) 105.014(2) 99.477(2) 
γ (°) 90 98.757(2) 90 
Volume (Å3) 2377.8(2) 1415.34(11) 2542.5(3) 
Z 4 2 4 
ρcalc (g·cm−3) 1.730 1.557 1.548 
μ (mm−1) 2.727 3.037 0.357 
F(000) 1200.0 680.0 1224.0 
Crystal size 
(mm3) 
0.345 × 0.250 × 0.195 0.140 × 0.120 × 0.080 0.171 × 0.141 × 0.110 
Radiation 
MoKα 
(λ = 0.71073) 
CuKα 
(λ = 1.54178) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
6.174 to 55.064 6.76 to 130.198 5.728 to 52.812 
Index ranges 
-12 ≤ h ≤ 12 
-15 ≤ k ≤ 15 
0 ≤ l ≤ 28 
-9 ≤ h ≤ 9 
-16 ≤ k ≤ 16 
-16 ≤ l ≤ 16 
-10 ≤ h ≤ 10 
-17 ≤ k ≤ 17 
-27 ≤ l ≤ 27 
Reflections 
collected 
10582 20689 62066 
Independent 
reflections 
5468 
Rint = 0.0192 
Rsigma = 0.0261 
4790 
Rint = 0.0435 
Rsigma = 0.0398 
5203 
Rint = 0.0636 
Rsigma = 0.0283 
Data/restraints 
/parameters 
5468/0/258 4790/61/446 5203/66/407 
Goodness-of-fit 
on F2 
1.074 1.084 1.096 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0221 
wR2 = 0.0494 
R1 = 0.0509 
wR2 = 0.1384 
R1 = 0.0525 
wR2 = 0.1194 
Final R indexes 
[all data] 
R1 = 0.0271 
wR2 = 0.0513 
R1 = 0.0582 
wR2 = 0.1455 
R1 = 0.0795 
wR2 = 0.1359 
Largest diff. 
peak/hole (e·Å−3) 
0.74/-1.17 0.47/-0.61 0.41/-0.33 
Flack parameter n/a n/a n/a 
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Table 4-9: Crystal data and structure refinement. 
Crystal Structure 
[AuCl{P(MeNHCMe)2}] 
[BPh4]·DCM 
[ClAu{μ-P(MeNHCMe)2}AuCl] 
[BPh4]·0.5DCM·1.5THF 
CCDC 1473129 1473132 
Empirical 
formula 
C39H46AuBCl3N4P C20.5H37Au3Cl5N4O1.5P 
Formula weight 915.89 1162.66 
Temperature (K) 100(2) 100(2) 
Crystal system triclinic monoclinic 
Space group P-1 C2/c 
a (Å) 11.4611(5) 25.2148(14) 
b (Å) 13.1524(5) 15.1025(9) 
c (Å) 13.2357(6) 16.1781(9) 
α (°) 100.725(2) 90 
β (°) 93.311(2) 95.4220(10) 
γ (°) 92.065(2) 90 
Volume (Å3) 1954.81(14) 6133.2(6) 
Z 2 8 
ρcalc (g·cm−3) 1.556 2.518 
μ (mm−1) 4.042 14.829 
F(000) 916.0 4296.0 
Crystal size 
(mm3) 
0.170 × 0.150 × 0.100 0.300 × 0.102 × 0.081 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.806 to 72.842 5.826 to 80.734 
Index ranges 
-19 ≤ h ≤ 19 
-21 ≤ k ≤ 21 
-22 ≤ l ≤ 22 
-45 ≤ h ≤ 45 
-27 ≤ k ≤ 27 
-29 ≤ l ≤ 29 
Reflections 
collected 
150653 139558 
Independent 
reflections 
19023 
Rint = 0.0415 
Rsigma = 0.0311 
19384 
Rint = 0.0418 
Rsigma = 0.0279 
Data/restraints 
/parameters 
19023/0/450 19384/0/325 
Goodness-of-fit 
on F2 
1.065 1.048 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0243 
wR2 = 0.0406 
R1 = 0.0294 
wR2 = 0.0612 
Final R indexes 
[all data] 
R1 = 0.0349 
wR2 = 0.0433 
R1 = 0.0445 
wR2 = 0.0670 
Largest diff. 
peak/hole (e·Å−3) 
1.50/-1.08 2.77/-3.70 
Flack parameter n/a n/a 
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CHAPTER 5: 
Synthesis of Heteroleptic Phosphorus(I) Cations by 
P+ Transfer 
5.1  Introduction 
Carbene and phosphine complexes of main group elements have been the 
subject of renewed interest among inorganic chemists over the past two decades.1–10 
This can be attributed to incredible advances in the field of ligand design paired with 
a more modern reinterpretation of the bonding situation in these systems. Neutral 
compounds of the type L→C←L (carbones, carbon(0) compounds) have been known 
since Ramirez et al. reported hexaphenylcarbodiphosphorane in 1961,11 but more 
recent interpretations of the bonding situation in these systems have reinvigorated 
the field.12–16 This has led to the isolation of many new carbones like 
carbodicarbenes17,18 and their heavier silicon19 and germanium homologues.20 To 
date, many homoleptic and heteroleptic carbones have been reported along with 
remarkable examples of their subsequent chemistry. They are capable of activating a 
variety of small molecules,21 they have been used as organocatalysts in the 
methylation of amines,22 and they have been shown to act as four-electron donors to 
a variety of transition metal and main group element fragments alike.23–29 
 
Figure 5-1: Structural depictions of Ramirez’s carbodiphosphorane (left), the isolobal 
relationship between carbon(0) compounds and phosphorus(I) compounds (centre), and an 
NHC-stabilized phosphorus(I) cation (right). 
By the isolobal analogy,30,31 and as a consequence of the diagonal relationship 
between carbon and phosphorus,32 phosphorus(I) compounds have a similar 
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electronic structure to that of carbones (Figure 5-1). Two “lone pairs” on the central 
atom, whose coordination sphere is satisfied by two -donor ligands. These ligands 
may also accept -electron density if they are prone to back-donation, as is the case 
with phosphines and N-heterocyclic carbenes (NHCs).33–35 Prototypical examples of 
such compounds are Dimroth’s phosphamethine cyanine cations36,37 and 
Schmidpeter’s dppe-complex of P+, [Pdppe]+ (dppe = 1,2-bis(diphenylphosphino)- 
ethane).38 The former can be described as NHC-complexes of P+ using more modern 
interpretations of their bonding situations35,39 featuring inverse polarization of the 
P−C bonds.40 Our group has developed a robust and safe method for the generation 
of a wide variety of phosphorus(I)-containing compounds by ligand exchange of dppe 
from [Pdppe]+.35,39,41–47 While this P+ transfer method presents significant 
improvements over traditional methods for the preparation of these compounds 
(which usually required pyrophoric phosphorus compounds such as P4 or P(TMS)3), 
it has not yet been exploited for the synthesis of asymmetrically substituted 
derivatives. These would be of particular interest given applications of these 
materials as ligands to transition metals or as functional dyes.39,46,48,49 Thus, in order 
to expand the ligand framework diversity in phosphorus(I) compounds, we report 
herein two suitable approaches for synthesizing heteroleptic phosphorus(I) species 
using the P+ transfer protocol. 
5.2  Results and Discussion 
5.2.1  Synthesis and Characterization of Heteroleptic NHC 
Complexes 
In earlier investigations involving the displacement of dppe from [Pdppe][X] 
by two equivalents of free NHCs, it was noticed that NHCs bearing large groups (larger 
than iPr) were reluctant to form [P(NHC)2]+ cations in solution by 31P NMR 
spectroscopy.35 This was rationalized (computationally) as being due to 
destabilization of the P−C bonds, owing to steric repulsion. With this in mind, we 
wondered whether one equivalent of NHC might yield the complex NHC→P+←dppe, 
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which is presumably an intermediate in the reaction to generate compounds of the 
type [P(NHC)2]+ from [Pdppe]+. While the treatment of [Pdppe][X] salts with one 
equivalent of MeNHCMe resulted in mixtures of [P(MeNHCMe)2]+ and [Pdppe]+ by 31P 
NMR spectroscopy, treatment of [Pdppe][BPh4] with one equivalent of the much 
bulkier 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene (SIMes) 
resulted in a solution whose 31P NMR spectrum indicated complete consumption of 
[Pdppe][BPh4]. Present were traces of free dppe (ca. −12 ppm) and a new set of 
signals corresponding to [P(SIMes)(η1-dppe)]+: two doublets at −125 ppm (|1JPP| = 
524 Hz) and −14 ppm (|3JPP| = 51 Hz), and a doublet of doublets at 23 ppm (Figure 
5-2). 
 
Figure 5-2: 31P{1H} NMR spectrum (121.5 MHz) of the reaction mixture resulting from the 
treatment of [Pdppe][BPh4] with one equivalent of SIMes in THF. 
Attempts to isolate [P(SIMes)(η1-dppe)][BPh4] in the solid state were 
unsuccessful, usually yielding insoluble orange solids and free dppe. We reasoned 
that its reaction with other nucleophiles in situ might generate isolable 
asymmetrically substituted phosphorus(I) ions if they were not too sterically 
encumbered. Thus, the addition of MeNHCMe to a solution of [P(SIMes)(η1-
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dppe)][BPh4] resulted in the formation of a new phosphorus-containing species 
[P(SIMes)(MeNHCMe)]+ by 31P NMR spectroscopy (−94 ppm) (Scheme 5-1). The 31P 
NMR signal for [P(SIMes)(MeNHCMe)]+ is deshielded compared to that of 
[P(MeNHCMe)2]+, which may be attributed to the greater -accepting ability of SIMes 
compared to MeNHCMe.50–52 Interestingly, in a separate experiment, the treatment of 
[P(MeNHCMe)2][BPh4] with one equivalent of SIMes resulted in a mixture of 
[P(MeNHCMe)2]+ and [P(SIMes)(MeNHCMe)]+ by 31P NMR spectroscopy. 
 
Scheme 5-1: Synthesis of [P(SIMes)(MeNHCMe)][BPh4]. 
Though isolation of an analytically pure sample of 
[P(SIMes)(MeNHCMe)][BPh4] was not possible in our hands, single crystals of 
[P(SIMes)(MeNHCMe)][BPh4] suitable for single crystal X-ray diffraction (SCXRD) 
analysis were formed upon slow evaporation of the reaction mixtures or from 
toluene/MeCN mixtures. These crystals were separated from any remaining material 
under a microscope for SCXRD analysis. [P(SIMes)(MeNHCMe)][BPh4] crystallizes in 
P21/c with two crystallographically independent formula units in the asymmetric 
unit. Because the metrical parameters of the cations are very similar, only one is 
discussed and shown in Figure 5-3. The P−C(SIMes) bond length (1.772(3) Å) is 
considerably shorter than the P−C(MeNHCMe) bond length (1.828(3) Å). Concomitantly, 
the C−P−C plane is well-aligned with the SIMes N−C−N plane (twisted by 18.5°) and 
poorly aligned with the MeNHCMe N−C−N plane (twisted by 71.9°). These data suggest 
a greater double bond character in the P−C(SIMes) bond than in the P−C(MeNHCMe), which 
is in good agreement with SIMes’ greater -accepting ability.50 This was corroborated 
by performing geometry optimizations on simple models bearing one saturated NHC 
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and one unsaturated NHC at the PBE1PBE/TZVP level of theory. These calculations 
consistently gave optimized structures where the unsaturated NHC is significantly 
more twisted (32.9°) from the C−P−C plane than the saturated one (15.7°) (see D.1). 
The C−P−C angle (98.21(15)°) is quite small for NHC-stabilized PI cations and is 
comparable to that of [P(MeNHCMe)2]+ (ca. 98° with variation depending on the 
counter ion).39  
 
Figure 5-3: Thermal ellipsoid plots (50% probability surface) of 
[P(SIMes)(MeNHCMe)][BPh4] (left) and [P(IDipp)(MeNHCMe)][OTf]·DCM (right). Anions, 
solvent molecules, and hydrogen atoms are omitted and only one crystallographically unique 
cation is shown for clarity. Selected bond lengths (Å) and angles (°) for 
[P(SIMes)(MeNHCMe)][BPh4]: P1−C21, 1.772(3); P1−C11, 1.828(3); C21−P1−C11, 98.21(15). 
Selected bond lengths (Å) and angles (°) for [P(IDipp)(MeNHCMe)][OTf]·DCM: P1−C21, 
1.7944(18); P1−C11, 1.821(2); C21−P1−C11, 101.99(8). 
In order to extend this strategy, the same procedure was implemented using 
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IDipp). [Pdppe][OTf] was treated 
with one equivalent of IDipp in THF, and then one equivalent of MeNHCMe was added 
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(Scheme 5-2). After stirring overnight, the addition of hexanes precipitated a yellow 
solid that showed resonances in the 31P NMR spectrum for [P(MeNHCMe)2]+ (minor) 
and a new resonance near −100 ppm. Gratifyingly, recrystallization of the material by 
dissolution in a minimal amount of DCM and slow-evaporation resulted in the 
deposition of large yellow single crystals. Their 31P NMR spectrum in CDCl3 showed 
only one resonance at −103 ppm. The 1H NMR spectrum exhibited the typical shifts 
for P-bound MeNHCMe (singlets at 3.41 ppm and 2.08 ppm) as well as those for P-
bound IDipp. These include a septet corresponding to the isopropyl methine protons 
(2.61 ppm, |3JHH| = 7 Hz) and two distinct doublets corresponding to the iPr methyl 
protons (1.35 ppm and 1.17 ppm, |3JHH| = 7 Hz). The 13C NMR spectrum displayed two 
distinct doublets representing the carbenic carbon atoms of IDipp (168.3 ppm) and 
MeNHCMe (150.3 ppm), with large P−C coupling constant magnitudes of 105 Hz and 89 
Hz, respectively. The larger magnitude of the former coupling constant is consistent 
with the larger degree of s-character one would expect for the P−C(IDipp) bond relative 
to the P−C(MeNHCMe) bond. 
 
Scheme 5-2: Synthesis of [P(IDipp)(MeNHCMe)][OTf]. 
SCXRD analysis of the crystals revealed that the material 
[P(IDipp)(MeNHCMe)][OTf]·DCM crystallized in the space group P-1 with two 
formula units in the asymmetric unit. Like in [P(SIMes)(MeNHCMe)]+, both cations 
have very similar metrical parameters so only one is discussed (Figure 5-3). The 
P−C(IDipp) bond (1.7944(18) Å) is shorter than the P−C(MeNHCMe) bond (1.821(2) Å) as one 
might anticipate due to the more electron-withdrawing aryl groups on IDipp. The 
C−P−C angle is significantly larger than that observed in [P(SIMes)(MeNHCMe)]+, 
potentially due to the greater steric demand of 2,6-diisopropylphenyl groups. As with 
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[P(SIMes)(MeNHCMe)]+, the C−P−C plane in [P(IDipp)(MeNHCMe)]+ is well-aligned 
with the IDipp N−C−N plane (twisted by 20.2°) and poorly aligned with the MeNHCMe 
N−C−N plane (twisted by 86.7°). 
5.2.2  Synthesis and Characterization of NHC/Phosphine 
Complexes 
We continued our investigations by examining the possibility of using 
asymmetric bidentate ligands for the synthesis of heteroleptic derivatives. We thus 
targeted the hybrid ligand system 3-[2-(diphenylphosphino)ethyl]-1-
methylimidazol-2-ylidene (MeNHC−C2H4−PPh2) due to its precedence in the 
literature, and the fact that homoleptic donor-stabilized PI salts of each of the ligands 
of MeNHC−C2H4−PPh2 are known.34,43,53 The phosphine-tethered imidazolium 
[BPh4]− salt [(MeNHC−C2H4−PPh2)H][BPh4] was synthesized according to a 
literature procedure.53 While spectroscopic data for this compound was reported, no 
structural characterization by SCXRD had been published. Single crystals of this 
material suitable for an SCXRD experiment were grown by slow evaporation of THF 
(Figure 5-4). The metrical parameters are very similar to those reported for other 
phosphine-tethered imidazolium salts.54 
In situ generation of the phosphine-tethered NHC by deprotonation with 
potassium tert-butoxide, followed by the addition of one equivalent of [Pdppe][BPh4], 
resulted in a yellow mixture of products by 31P NMR spectroscopy. After two hours of 
stirring, the spectrum of the mixture revealed the presence of some unreacted 
[Pdppe]+ (65 ppm doublet, |1JPP| = 453 Hz), free dppe (−12 ppm), and two other sets 
of signals: two doublets centred at 23 ppm and −161 ppm (|1JPP| = 424 Hz), 
corresponding to the putative hybrid NHC-phosphine-stabilized PI cation 
[P(MeNHC−C2H4−PPh2)]+; and a doublet at −21 ppm and a triplet at −119 ppm (|5JPP| 
= 11 Hz), corresponding to the putative bis(NHC)-stabilized PI cation 
[P(MeNHC−C2H4−PPh2)2]+ (Scheme 5-3). After allowing the reaction mixture to stir 
for another three hours, the complete consumption of [Pdppe]+ was confirmed by 31P 
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NMR spectroscopy. Also, the set of signals corresponding to 
[P(MeNHC−C2H4−PPh2)2]+ had disappeared. 
After workup, [P(MeNHC−C2H4−PPh2)][BPh4] was isolated from the reaction 
mixture as an off-white solid in good yield. The 31P NMR signal corresponding to the 
PI centre in the purified material (−161 ppm in CD3CN) appears between those of 
chelating bis(NHC)-stabilized PI cations (ca. −80 ppm)43 and [Pdppe][BPh4] (ca. −230 
ppm).44,55 1H NMR spectroscopy reveals two characteristic multiplets at 4.19 ppm and 
3.13 ppm, corresponding to the protons of the ethylene fragment that links the 
phosphine and the NHC. 
 
Scheme 5-3: Synthesis of [P(MeNHC−C2H4−PPh2)][BPh4] and 
[P(MeNHC−C2H4−PPh2)2][BPh4]. 
Large yellow single crystals of [P(MeNHC−C2H4−PPh2)][BPh4] were grown by 
slow evaporation of an MeCN solution of the isolated material. The salt crystallizes in 
P21/n with one ion pair in the asymmetric unit (Figure 5-4). The P−P bond length 
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(2.1294(4) Å) is typical of those found in cyclic triphosphenium cations, while the C−P 
bond (1.7955(11) Å) is typical of those found in NHC-stabilized PI cations with small 
N-alkyl substituents.39 The P−P−C angle of 96.37(4)° is similar to the P−P−P and 
C−P−C angles of both aforementioned related species, respectively. The NHC 
fragment is only slightly twisted out of the P−P−C plane (ca. 21.2°). 
 
Figure 5-4: Thermal ellipsoid plots (50% probability surface) of 
[(MeNHC−C2H4−PPh2)H][BPh4] (left) and [P(MeNHC−C2H4−PPh2)][BPh4] (right). Anions 
and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°) for 
[(MeNHC−C2H4−PPh2)H][BPh4]: C1−N5, 1.3266(17); C1−N2, 1.3297(17); N2−C1−N5, 
108.82(11). [P(MeNHC−C2H4−PPh2)][BPh4]: P1−P2, 2.1294(4); P1−C1, 1.7955(11); C1−N2, 
1.3533(14); C1−N5, 1.3515(13); C1−P1−P2, 96.37(4). 
Geometry optimizations (PBE1PBE/TZVP) of a model of 
[P(MeNHC−C2H4−PPh2)]+ gave metrical parameters that are reminiscent of those 
determined crystallographically (see D.1). Because this cation represents an 
interesting hybrid between triphosphenium salts and phosphamethine cyanines, a 
molecular orbital analysis to determine relative contributions from each ligand to the 
frontier orbitals was performed. As can be seen in Figure 5-5, the HOMO of 
[P(MeNHC−C2H4−PPh2)]+ has -symmetry and features contributions from an NHC 
-MO and a phosphorus p orbital. The LUMO primarily features contributions from 
the adjacent phosphine. 
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Figure 5-5: Optimized geometry and depictions of the HOMO and LUMO of 
[P(MeNHC−C2H4−PPh2)]+ computed at the PBE1PBE/TZVP level of theory. 
The homoleptic complex [P(MeNHC−C2H4−PPh2)2]+ was targeted next for 
synthesis since it had been observed by 31P NMR spectroscopy during the synthesis 
of [P(MeNHC−C2H4−PPh2)][BPh4]. The same reaction conditions were employed, but 
the amount of [Pdppe][BPh4] was reduced to a half equivalent. This resulted in a 
yellow reaction mixture that lacked the signals corresponding to 
[P(MeNHC−C2H4−PPh2)]+ in its 31P NMR spectrum. After workup, 
[P(MeNHC−C2H4−PPh2)2][BPh4] was isolated as a yellow powder in good yields. In 
addition to its characteristic 31P NMR signals (which were previously mentioned), the 
1H NMR spectrum of the isolated material featured expected resonances, including 
two distinct multiplets at 2.51 ppm and 4.10 ppm corresponding to the protons of the 
ethylene tethers. Repeated recrystallization attempts under various conditions were 
unsuccessful in yielding crystals of [P(MeNHC−C2H4−PPh2)2][BPh4] suitable for 
SCXRD. 
Next, we sought to examine the effect of decreasing the size of the tether on 
the products of the reaction. The imidazolium salt [(MeNHC−PtBu2)H][BPh4] was 
targeted since the two donor sites are linked only by a nitrogen atom. It was 
synthesized by modifying a literature procedure for the corresponding [OTf]− salt.56 
Spectroscopic data collected for [(MeNHC−PtBu2)H][BPh4] agree well with those 
previously reported for the [OTf]− derivative. We have also included the structural 
characterizations of the DCM solvate of this material (Figure 5-6). The metrical 
parameters are similar to those of related phosphorylated imidazolium salts.57,58 
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Deprotonation of [(MeNHC−PtBu2)H][BPh4] with potassium tert-butoxide, 
followed by the addition of half an equivalent of [Pdppe][BPh4], resulted in a yellow 
mixture from which [P(MeNHC−PtBu2)2][BPh4] could be isolated as a bright-yellow 
powder in excellent yields (Scheme 5-4). The 31P NMR spectrum of the isolated 
material featured two signals: a doublet around 94 ppm and a triplet at −92 ppm 
corresponding to the N-coordinated phosphines and the PI centre respectively. The 
P−P coupling constant magnitude (|3JPP|) of 114 Hz is between those observed for 
[P(MeNHC−C2H4−PPh2)]+ (|1JPP| = 424) and [P(MeNHC−C2H4−PPh2)2]+ (|5JPP| = 11). 
 
 
Scheme 5-4: Synthesis of [P(MeNHC−PtBu2)2][BPh4]. 
The analogous reaction involving one equivalent of [Pdppe][BPh4] was also 
attempted in the hope of possibly observing the four-membered ring PI cation 
[P(MeNHC−PtBu2)]+. This seemed plausible given that some four-membered ring 
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triphosphenium derivatives,47,59 and transition metal complexes of hybrid ligands 
similar to MeNHC−PtBu2, have been isolated.57 Unfortunately – but perhaps not 
unexpectedly given the large crystallographically determined CNP angle of 
[(MeNHC−PtBu2)H]+ (119.8(1)°) – 31P NMR spectroscopy of an aliquot of this reaction 
mixture revealed only resonances attributable to dppe, [P(MeNHC−PtBu2)2]+ and 
[Pdppe][BPh4]. 
 
Figure 5-6: Thermal ellipsoid plots (50% probability surface) of 
[(MeNHC−PtBu2)2H][BPh4]·DCM (left) and [P(MeNHC−PtBu2)2][BPh4] (right). Anions, 
solvent molecules, and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and 
angles (°) for [(MeNHC−PtBu2)2H][BPh4]·DCM: P1−N2, 1.7942(15); N2−C1, 1.341(2); C1−N5, 
1.326(2); P1−N2−C1, 120.55(12); N2−C1−N5, 109.44(15). [P(MeNHC−PtBu2)2][BPh4]: 
P1−C11, 1.799(3); P1−C21, 1.799(3); P12−N12, 1.767(3); P22−N22, 1.769(3); C21−P1−C11, 
98.76(14); P12−N12−C11−P1, 7.1(4); P22−N22−C21−P1, 6.9(4). 
Single crystals of [P(MeNHC−PtBu2)2][BPh4] suitable for SCXRD were grown 
by slow evaporation of an MeCN solution. The salt crystallizes in P21/n with one 
formula unit in the asymmetric unit (Figure 5-6). The C−P bond lengths (1.799(3) Å) 
are typical of those found in NHC-stabilized PI salts with small N-alkyl substituents. 
Although the PtBu2 groups are quite bulky, the imidazolyl fragments are twisted so 
that these groups are pointed away from each other. The methyl groups on the other 
side of the heterocycles are directed closer together. Likewise, the CPC angle of 
98.76(14)° and the relatively small degree of twisting of the NHCs from the CPC plane 
(38.2° and 39.1°) are similar to the parameters observed in NHC-stabilized PI cations 
with small N-alkyl groups.39 
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5.2.3  Preliminary Coordination Chemistry 
Given the interest in phosphorus(I)-centred compounds as ligands to 
transition metals and given the semblance of [P(MeNHC−PtBu2)2]+ to PPP-pincer 
ligands, we wish to present one preliminary result regarding the coordination 
chemistry of [P(MeNHC−PtBu2)2]+. The reaction of [P(MeNHC−PtBu2)2][BPh4] with 
two equivalents of gold(I) chloride in THF resulted in a mixture of unidentified 
products by 31P NMR spectroscopy. Slow evaporation of the dried reaction mixture 
taken up in DCM formed small quantities of single crystals that were suitable for an 
SCXRD experiment and separated under the microscope. 
[Au{P(MeNHC−PtBu2)(MeNHC−BPh3)}{PtBu2Cl}][BPh4]·DCM recrystallizes from the 
mixture in P-1 (Figure 5-7).  
 
Figure 5-7: Thermal ellipsoid plot (50% probability surface) of 
[Au{P(MeNHC−PtBu2)(MeNHC−BPh3)}{PtBu2Cl}][BPh4]·DCM. Anion, solvent molecules, and 
hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Au1−P1, 
2.3946(5); Au1−P2, 2.3974(5); Au1−P3, 2.2784(5); P1−C11, 1.8057(19); P1−C21, 
1.8174(19); P2−N12, 1.7530(16); P3−Cl1, 2.0637(7); N22−B1, 1.636(3); P1−Au1−P2, 
87.707(17); P1−Au1−P3, 136.833(18); P2−Au1−P3, 134.893(18); C21−P1−C11, 100.17(8). 
The mechanism of formation of [Au{P(MeNHC−PtBu2)(MeNHC−BPh3)} 
{PtBu2Cl}]+ is unclear and non-trivial, but it appears to have resulted from the 
heterolytic cleavage of one of the N-PtBu2 arms from [P(MeNHC−PtBu2)2]+, heterolytic 
cleavage of one of the phenyl groups from [BPh4]−,60 and coordination of the borane 
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(BPh3) to the imidazole nitrogen. While the fate of the [Ph]− fragment is also unclear, 
the cleaved phosphenium "[PtBu2]+" apparently takes up the [Cl]− introduced from 
the gold precursor to form bis(tert-butyl)chlorophosphine that is coordinated to the 
gold(I) atom (Au−P = 2.2784(5)). The phosphorus(I)−Au bond length (2.3946(5) Å) 
is longer than that of the two related gold(I) chloride complexes of carbene-stabilized 
phosphorus(I) ligands.39,43,49 It is, however, in the range expected for 
tris(phosphine)gold(I) complexes (cf. [Au(PPh3)3][BPh4] Au−P = 2.365(3) Å, 2.403(3) 
Å and 2.384(3) Å).61 The trigonal planar coordination sphere of Au is completed by 
the intact phosphine arm (Au−P = 2.3974(5)). The NHC-stabilized phosphorus(I)-
centered ligand in the complex [Au{P(MeNHC−PtBu2)(MeNHC−BPh3)}{PtBu2Cl}]+ is 
unique in that it is formally neutral. Rational design of similar species as free ligands 
is currently underway in our laboratory. 
5.3  Conclusions 
In summary, two general methods for the synthesis of heteroleptic 
phosphorus(I) cations were described. One involves the formation of complexes of 
the type NHC→P+←dppe. These are accessible only when using sterically encumbered 
NHCs such as SIMes and IDipp. In situ reaction of these complexes with a second 
equivalent of a less bulky ligand, like MeNHCMe, generates the asymmetrically 
substituted NHC-stabilized phosphorus(I) cations [P(SIMes)(MeNHCMe)]+ and 
[P(IDipp)(MeNHCMe)]+. The second route involves P+ transfer to an asymmetric 
bidentate ligand like MeNHC−C2H4−PPh2, which produces hybrid phosphine/NHC-
stabilized PI cation [P(MeNHC−C2H4−PPh2)]+. This method results in the formation of 
homoleptic NHC-stabilized PI cations like [P(MeNHC−C2H4−PPh2)2]+ when an excess 
of MeNHC−C2H4−PPh2 is used, or when the phosphine and NHC are too closely linked. 
Such is the case for MeNHC−PtBu2, which produces the homoleptic complex 
[P(MeNHC−PtBu2)2]+ instead of the four-membered-ring-containing heteroleptic 
complex [P(MeNHC−PtBu2)]+. Reaction of [P(MeNHC−PtBu2)2][BPh4] with gold(I) 
chloride results in a complicated mixture of products including [Au{P(MeNHC−PtBu2) 
(MeNHC−BPh3)}{PtBu2Cl}][BPh4], a unique example of a heteroleptic NHC-stabilized 
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phosphorus(I) zwitterion complexed to gold(I). We have thus significantly expanded 
the ligand framework diversity for phosphorus(I) cations. We hope that the synthetic 
methods devised herein will find use in the design and fine-tuning of similar 
compounds for coordination chemistry or functional dye-applications. 
5.4  Experimental 
5.4.1  General Remarks 
All manipulations were carried out using standard inert atmosphere 
techniques. All chemicals and reagents were purchased from Sigma Aldrich and used 
without further purification. CD3CN was dried over calcium hydride or phosphorus 
pentoxide. Chloroform-d3 and DCM-d2 were dried over phosphorus pentoxide. All 
deuterated solvents were stored over molecular sieves under nitrogen. All other 
solvents were dried on a series of Grubbs’ type columns and were degassed prior to 
use.62 [Pdppe][BPh4], [Pdppe][OTf],44,55 [(MeNHC−C2H4−PPh2)H][BPh4],53 and 
MeNHCMe 63 were synthesized according to literature methods or slight modifications 
thereof. NMR spectra were recorded at room temperature on Bruker Avance III 500 
MHz, Bruker Avance Ultrashield 300 MHz, or Bruker Avance DPX 300 MHz 
spectrometers. Chemical shifts are reported in ppm relative to internal standards for 
1H and 13C (the given deuterated solvent) and external standards for 31P (85% H3PO4), 
19F (trifluorotoluene), and 11B (Et2O·BF3). Coupling constants |J| are given in Hz. 
Elemental analysis was performed at the University of Windsor Mass Spectrometry 
Service Laboratory using a Perkin Elmer 2400 combustion CHN analyzer. 
5.4.2  Synthetic Information 
[P(SIMes)(MeNHCMe)][BPh4]: THF (20 mL) was added to a 
stirring mixture of MeNHCMe (0.040 g, 0.32 mmol), SIMes 
(0.098 g, 0.32 mmol), and [Pdppe][BPh4] (0.240 g, 0.321 
mmol). After allowing the mixture to stir overnight, Et2O (30 
mL) was added, and the mixture was sonicated resulting in 
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the deposition of an oily material. The supernatant was decanted from the residue, 
and MeCN (1 mL) was used to dissolve the residue. Toluene was added to the MeCN 
solution and the mixture was stored at −40 °C causing the precipitation of an impure 
residue. Single crystals suitable for SCXRD were separated from the precipitated 
materials on a microscope slide. 31P{1H} NMR (CD2Cl2, 121.5 MHz) δ: −94.3 (s). 
[P(IDipp)(MeNHCMe)][OTf]·DCM: Solid IDipp (0.232 g, 
0.597 mmol) and MeNHCMe (0.074, 0.60 mmol) were added to 
a stirring solution of [Pdppe][OTf] (0.344 g, 0.595 mmol) in 
THF (ca. 5 mL). After twenty-four hours, hexanes (ca. 5 mL) 
was added to the reaction mixture, and the resulting 
precipitate was collected by filtration, washed with hexanes (3 x 1 mL) and dried 
under reduced pressure. The solids were dissolved in DCM (ca. 1 mL) and slow 
evaporation resulted in the formation of large yellow crystals from which any 
remaining mother liquor was decanted. The crystals were then dried under reduced 
pressure. Yield: 27% (0.124 g, 0.159 mmol). 31P{1H} NMR (CDCl3, 202.5 MHz) δ: 
−103.1 (s). 19F{1H} NMR (CDCl3, 470.5 MHz) δ: −79.1 (s). 13C{1H} NMR (CDCl3, 
125.8 MHz) δ: 9.7 (s, CCH3), 22.4 (s), 26.0 (s), 29.1 (s), 34.9 (d, NCH3), 53.6 (s, DCM ), 
121.1 (q, 1JCF = 321, CF3), 123.7 (d, ), 124.9 (s), 128.2 (s), 131.1 (s), 132.7 (s), 146.2 
(s), 150.3 (d, 1JCP = 89, PCN (MeNHCMe)), 168.3 (d, 1JCP = 105, PCN (IDipp)). 1H NMR 
(CDCl3, 500.1 MHz) δ: 1.17 (d, 3JHH = 7, 12H, CH(CH3)2), 1.35 (d, 3JHH = 7, 12H, 
CH(CH3)2), 2.08 (s, 6H, CCH3), 2.61 (sept, 3JHH = 7, 4H, CH(CH3)2), 3.41 (s, 6H, NCH3), 
5.30 (DCM), 7.10 (s, 2H, Imid), 7.28 (d, 3JHH = 8, 4H, Ar), 7.51 (t, 3JHH = 8, 2H, Ar). 
Elemental Analysis: C36H50N4PF3SO3Cl2: C, 55.59; H, 6.48; N, 7.20, found: C, 55.83; H, 
6.57; N, 7.31. 
[P(MeNHC−C2H4−PPh2)][BPh4]: A solution of [K][OtBu] (0.037 g, 
0.33 mmol) in THF (ca. 5 mL) was added to a solution of 
[(MeNHC−C2H4−PPh2)H][BPh4] (0.200 g, 0.325 mmol) in THF (ca. 
10 mL). After 30 minutes of stirring, a solution of [Pdppe][BPh4] 
(0.243 g, 0.325 mmol) in THF (ca. 20 mL) was added, resulting in a yellowish mixture. 
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After stirring overnight, the mixture was filtered, and all volatiles were removed from 
the filtrate under reduced pressure. Et2O (ca. 30 mL) was added to the residue, which 
was sonicated until a fine precipitate had lifted from the glass. The precipitate was 
collected by filtration, washed with fresh Et2O (3 x 5 mL) and methanol (MeOH) (2 x 
10 mL), and dried under reduced pressure. Large yellow single crystals were 
obtained by slow evaporation of an MeCN solution. Yield: 71% (0.145 g, 0.230 mmol). 
31P{1H} NMR (CD3CN, 202.5 MHz) δ: −161.1 (d, 1JPP = 423, CPP), 24.3 (d, 1JPP = 423, 
CPP). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 25.5 (d, 1JCP = 42, PCH2), 35.4 (dd, JCP = 2, 
JCP = 17, NCH3), 44.3 (s, NCH2), 122.8 (s, BPh4), 123.2 (d, 3JCP = 4, NCH), 126.6 (q, JCB = 
3, BPh4), 127.4 (dd, JCP = 75, JCP = 10, NCH), 130.6 (d, JCP = 12, PPh2), 133.5 (dd, JCP = 
10, JCP = 3, PPh2), 134.3 (d, JCP = 3, PPh2), 136.7 (s, BPh4), 157.7 (dd, 1JCP = 95, 2JCP = 4, 
PCN), 164.8 (q, 1JCB = 50, BPh4) (the ipso carbon of the PPh2 group was unresolved). 
11B{1H} NMR (CD3CN, 160.5 MHz) δ: −6.0 (s, BPh4). 1H NMR (CD3CN, 500.1 MHz) 
δ: 3.12, (m, 2H, PCH2), 3.61 (s, 3H, NCH3), 4.18 (m, 2H, NCH2), 6.84 (m, 4H, BPh4), 6.99 
(m, 8H, BPh4), 7.08 (m, 2H, Imid), 7.27 (m, 8H, BPh4), 7.61 (m, 4H, PPh2), 7.68 (m, 2H, 
Imid), 7.82 (m, 4H, PPh2). Elemental Analysis: C42H39N2P2B: C, 78.27; H, 6.10; N, 4.35, 
found: C, 76.79; H, 6.53; N, 4.32. 
[P(MeNHC−C2H4−PPh2)2][BPh4]: A solution of [K][OtBu] 
(0.128 g, 1.14 mmol) in THF (ca. 10 mL) was added to a 
solution of [(MeNHC−C2H4−PPh2)H][BPh4] (0.600 g, 0.976 
mmol) in THF (ca. 20 mL). After two hours of stirring, a 
solution of [Pdppe][BPh4] (0.364 g, 0.486 mmol) in THF (ca. 
20 mL) was added, resulting in a yellow/orange mixture. After stirring for two hours, 
the mixture was filtered, and all volatiles were removed from the filtrate under 
reduced pressure. Et2O (ca. 30 mL) was added to the residue, which was sonicated 
until a fine precipitate had lifted from the glass. The precipitate was collected by 
filtration, washed with fresh Et2O (3 x 10 mL) and dried under reduced pressure. 
Yield: 72% (0.327 g, 0.348 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: −118.9 (d, 
5JPP = 11, CPC), −20.6 (d, 5JPP = 11, CPPh2). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 28.9 
(dd, 1JCP = 15, 4JCP = 3, PCH2), 37.0 (d, 3JCP = 3), 47.9 (dd, 2JCP = 26, 3JCP = 9, NCH2), 122.4 
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(s, NCH), 122.7 (s, BPh4), 124.0 (d, JCP = 2, NCH), 126.6 (s, BPh4), 129.6 (d, JCP = 7, 
PPh2), 130.1 (s, PPh2), 133.5 (d, JCP = 19, PPh2), 136.7 (s, BPh4), 138.0 (d, JCP = 12, 
PPh2), 159.5 (d, 1JCP = 92, PCN), 164.8 (q, 1JCB = 49, BPh4). 11B{1H} NMR (CD3CN, 160.5 
MHz) δ: −5.4 (s, BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 2.51, (m, 4H, PCH2), 3.10 (s, 
6H, NCH3), 4.10 (m, 4H, NCH2), 6.84 (m, 4H, BPh4), 7.00 (m, 8H, BPh4), 7.17 (m, 2H, 
Imid), 7.27 (m, 8H, BPh4), 7.34 (m, 12H, PPh2), 7.42 (m, 8H, PPh2), (the second Imid 
signal is buried). Elemental Analysis: C60H58N4P3B: C, 76.76; H, 6.23; N, 5.97, found: 
C, 76.43; H, 5.25; N, 5.33. 
[(MeNHC−PtBu2)H][BPh4]: This compound was synthesized 
using a modified literature procedure.56 Di-tert-
butylchlorophosphine (1.500 g, 8.303 mmol) was added to a 
stirring mixture of [Na][BPh4] (2.842 g, 8.304 mmol) and 1-methylimidazole (0.682 
g, 8.31 mmol) in THF (50 mL) and the mixture was stirred overnight. All volatiles 
were removed from the reaction mixture under reduced pressure and DCM (50 mL) 
was added to the residue. The mixture was filtered, and all volatiles were removed 
from the filtrate under reduced pressure. Et2O (100 mL) was added to the residue, 
and the flask was sonicated until most of the precipitate had been lifted from the 
interior glass surface to give a fine suspension. The precipitate was collected by 
filtration, washed with fresh Et2O (3 x 20 mL) and dried under reduced pressure to 
give the analytically pure product. Single crystals suitable for SCXRD were grown by 
slow evaporation either an MeCN solution or a DCM solution. Yield: 77% (3.488 g, 
6.382 mmol). 31P{1H} NMR (CD3CN, 121.5 MHz) δ: 119.8 (s). 13C{1H} NMR (CD3CN, 
125.8 MHz) δ: 28.5 (d, 2JCP = 16, PC(CH3)3), 35.6 (d, 1JCP = 30, PC(CH3)), 37.0 (s, NCH3), 
122.7, (s, BPh4), 125.8 (s, Imid), 126.6 (q, JBC = 3, BPh4), 127.4 (br, Imid), 136.7 (s, 
BPh4), 142.7 (br, Imid), 164.8 (q, 1JBC = 50). 11B{1H} NMR (CD3CN, 160.5 MHz) δ: −6.0 
(s, BPh4). 1H NMR (CD3CN, 300.1 MHz) δ: 1.23 (d, 3JHP = 13, 18H, PtBu2), 3.82, (s, 3H, 
NCH3), 6.84 (m, 4H, BPh4), 7.00 (m, 8H, BPh4), 7.27 (m, 8H, BPh4), 7.42 (s, 1H, Imid), 
7.53 (s, 1H, Imid), 8.54 (s, 1H, Imid). Elemental Analysis: C36H44N2PB: C, 79.11; H, 
8.11; N, 5.13, found: C, 79.38; H, 8.08; N, 5.01. 
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[P(MeNHC−PtBu2)2][BPh4]: A solution of [K][OtBu] 
(0.087 g, 0.78 mmol) in THF (10 mL) was added to a 
solution of [(MeNHC−PtBu2)H][BPh4] (0.387 g, 0.708 
mmol) in THF (10 mL) and a white precipitate formed. 
After 5 minutes of stirring, a solution of [Pdppe][BPh4] 
(0.265 g, 0.354 mmol) in THF (10 mL) was added to the mixture which immediately 
turned yellow. After two hours of stirring, the mixture was filtered, and all volatiles 
were removed from the yellow filtrate under reduced pressure. Et2O (80 mL) was 
added to the residue, and the flask was sonicated until most of the precipitate had 
been lifted from the interior glass surface to give a fine suspension. The yellow 
precipitate was collected by filtration, washed with fresh Et2O (2 x 10 mL) and dried 
under reduced pressure to give the analytically pure product. Single crystals suitable 
for SCXRD were grown by slow evaporation of an MeCN solution. Yield: 91% (0.254 
g, 0.324 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: −92.0 (t, 3JPP = 114), 93.8 (d, 
3JPP = 114). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 29.3 (d, 2JCP = 16, PC(CH3)3), 36.6 
(dd, 1JCP = 31, 4JCP = 3, PC(CH3)), 37.9 (s, NCH3), 122.7, (s, BPh4), 124.7 (m, Imid), 125.4 
(s, Imid), 126.5 (q, JBC = 3, BPh4), 136.7 (s, BPh4), 164.7 (q, 1JBC = 49), 170.7, (m, PCN). 
11B{1H} NMR (CD3CN, 160.5 MHz) δ: −5.39 (s, BPh4). 1H NMR (CD3CN, 500.1 MHz) 
δ: 1.23 (d, 3JHP = 13, 36H, PtBu2), 3.16, (s, 6H, NCH3), 6.84 (m, 4H, BPh4), 6.99 (m, 8H, 
BPh4), 7.21 (m, 2H, Imid), 7.27 (m, 8H, BPh4), 7.42 (m, 2H, Imid). Elemental Analysis: 
calculated for C48H66N4P3B: C, 71.81; H, 8.29; N, 6.98, found: C, 72.10; H, 8.22; N, 6.18. 
 Crystallization of [Au{P(MeNHC−PtBu2)(MeNHC−BPh3)}{PtBu2Cl}][BPh4]: 
AuCl (0.019 g, 0.082 mmol) was added to a THF solution (3 mL) of 
[P(MeNHC−PtBu2)2][BPh4] (0.032 g, 0.041 mmol) and the mixture was stirred 
overnight. Slow evaporation of the reaction mixture led to an oily residue that was 
taken up in DCM (1 mL) and slow evaporation of this mixture formed single crystals 
that were separated from other precipitated solids under a microscope slide. 
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5.4.3  Computational Details 
Calculations were performed with the Gaussian 09 suite of programs64 using 
Compute Canada's Shared Hierarchical Academic Research Computing Network 
(SHARCNET). Model complexes were fully optimized with no symmetry constraints 
using the PBE1PBE DFT method65–67 in conjunction with the TZVP basis sets for all 
atoms.68,69 Geometry optimizations were started using models in which the relevant 
non-hydrogen atoms were placed in positions found experimentally using X-ray 
crystallography and the hydrogen atoms were placed in geometrically appropriate 
positions using Gaussview.70 Frequency calculations were also performed at the same 
level of theory in order to confirm that the optimized structures were minima on the 
potential energy hypersurface and to determine thermochemical and vibrational 
information. NBO analyses71 to determine orbital contributions, Wiberg Bond Indices, 
and orbital energies were obtained using the routine included in the Gaussian 
distributions.72 Visualizations of the Kohn-Sham orbitals and optimized geometries 
were made using Visual Molecular Dynamics (VMD).73 Summaries of the calculated 
results, including cartesian coordinates, are presented in Appendix D: 
Supplementary Information for Chapter 5. 
5.4.4  X-ray Crystallography 
Crystals for investigation were covered in Paratone®, mounted onto a 
goniometer head, and then rapidly cooled under a stream of cold N2 of the low-
temperature apparatus (Oxford Cryostream) attached to the diffractometer. The data 
were then collected using the APEX3 software suite74 on a Bruker Photon 100 CMOS 
diffractometer using a graphite monochromator with MoKα (λ = 0.71073 Å) or CuKα 
(λ = 1.54178 Å) radiation. For each sample, data were collected at low temperature. 
APEX3 software was used for data reductions and SADABS75 was used for absorption 
corrections (multi-scan; semi-empirical from equivalents). XPREP was used to 
determine the space group and the structures were solved and refined using the 
SHELX76 software suite as implemented in the WinGX77 or OLEX278 program suites. 
Validation of the structures was conducted using PLATON.79  
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Table 5-1: Crystal data and structure refinement. 
Crystal Structure 
[P(SIMes)(MeNHCMe)] 
[BPh4] 
[P(IDipp)(MeNHCMe)] 
[OTf]·DCM 
[(MeNHC−C2H4−PPh2)H] 
[BPh4] 
CCDC 1851846 1851847 1851848 
Empirical 
formula 
C52H58BN4P C36H50Cl2F3N4O3PS C42H40BN2P 
Formula weight 780.80 777.73 614.54 
Temperature (K) 105.01 170.0 173.2 
Crystal system monoclinic triclinic monoclinic 
Space group P21/c P-1 P21/c 
a (Å) 26.196(3) 15.0812(10) 10.0853(5) 
b (Å) 16.6748(16) 15.9353(11) 12.2814(6) 
c (Å) 22.191(2) 17.6776(13) 27.1729(14) 
α (°) 90 83.124(3) 90 
β (°) 114.799(3) 87.751(3) 95.7620(19) 
γ (°) 90 69.890(3) 90 
Volume (Å3) 8799.4(16) 3960.6(5) 3348.7(3) 
Z 8 4 4 
ρcalc (g·cm−3) 1.179 1.304 1.219 
μ (mm−1) 0.103 0.310 0.115 
F(000) 3344.0 1640.0 1304.0 
Crystal size 
(mm3) 
0.340 × 0.225 × 0.225 0.450 × 0.344 × 0.190 0.260 × 0.258 × 0.070 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.814 to 53.08 5.462 to 59.252 5.84 to 61.102 
Index ranges 
-32 ≤ h ≤ 32 
-19 ≤ k ≤ 20 
-27 ≤ l ≤ 27 
-20 ≤ h ≤ 20 
-22 ≤ k ≤ 22 
-24 ≤ l ≤ 24 
-14 ≤ h ≤ 14 
-17 ≤ k ≤ 17 
-38 ≤ l ≤ 38 
Reflections 
collected 
176090 270677 128110 
Independent 
reflections 
18108 
Rint = 0.1010 
Rsigma = 0.0582 
22186 
Rint = 0.0526 
Rsigma = 0.0253 
10233 
Rint = 0.0664 
Rsigma = 0.0400 
Data/restraints 
/parameters 
18108/0/1065 22186/0/925 10233/0/416 
Goodness-of-fit 
on F2 
1.093 1.028 1.042 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0637 
wR2 = 0.1245 
R1 = 0.0599 
wR2 = 0.1515 
R1 = 0.0507 
wR2 = 0.1027 
Final R indexes 
[all data] 
R1 = 0.0942 
wR2 = 0.1376 
R1 = 0.0878 
wR2 = 0.1751 
R1 = 0.0867 
wR2 = 0.1168 
Largest diff. 
peak/hole (e·Å−3) 
0.38/-0.46 1.37/-1.14 0.29/-0.35 
Flack parameter n/a n/a n/a 
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∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
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2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
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Table 5-2: Crystal data and structure refinement. 
Crystal Structure 
[P(MeNHC−C2H4−PPh2)] 
[BPh4] 
[(MeNHC−PtBu2)H] 
[BPh4]·MeCN 
[(MeNHC−PtBu2)H] 
[BPh4]·DCM 
CCDC 1851849 1851850 1851852 
Empirical 
formula 
C42H39BN2P2 C38H47BN3P C37H46BCl2N2P 
Formula weight 644.50 587.56 631.44 
Temperature (K) 173.2 99.99 99.99 
Crystal system monoclinic monoclinic monoclinic 
Space group P21/n P21/c P21/c 
a (Å) 9.3911(4) 14.6171(8) 14.3200(8) 
b (Å) 23.3295(10) 14.2690(7) 14.4860(8) 
c (Å) 15.7742(7) 17.6087(8) 17.7113(9) 
α (°) 90 90 90 
β (°) 95.6925(17) 113.293(2) 109.643(2) 
γ (°) 90 90 90 
Volume (Å3) 3438.9(3) 3373.3(3) 3460.2(3) 
Z 4 4 4 
ρcalc (g·cm−3) 1.245 1.157 1.212 
μ (mm−1) 0.160 0.112 0.262 
F(000) 1360.0 1264.0 1344.0 
Crystal size 
(mm3) 
0.210 × 0.204 × 0.141 0.270 × 0.223 × 0.176 0.284 × 0.221 × 0.110 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.846 to 63.168 5.71 to 61.128 5.636 to 56.758 
Index ranges 
-13 ≤ h ≤ 13 
-34 ≤ k ≤ 34 
-23 ≤ l ≤ 23 
-20 ≤ h ≤ 20 
-20 ≤ k ≤ 20 
-24 ≤ l ≤ 25 
-19 ≤ h ≤ 19 
-19 ≤ k ≤ 19 
-23 ≤ l ≤ 23 
Reflections 
collected 
99274 164670 160934 
Independent 
reflections 
11479 
Rint = 0.0363 
Rsigma = 0.0206 
10326 
Rint = 0.1186 
Rsigma = 0.0502 
8621 
Rint = 0.0853 
Rsigma = 0.0268 
Data/restraints 
/parameters 
11479/0/425 10326/3/426 8621/3/425 
Goodness-of-fit 
on F2 
1.034 1.037 1.094 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0416 
wR2 = 0.0995 
R1 = 0.0544 
wR2 = 0.1071 
R1 = 0.0441 
wR2 = 0.1061 
Final R indexes 
[all data] 
R1 = 0.0568 
wR2 = 0.1085 
R1 = 0.0936 
wR2 = 0.1222 
R1 = 0.0635 
wR2 = 0.1234 
Largest diff. 
peak/hole (e·Å−3) 
0.33/-0.32 0.36/-0.40 0.42/-0.58 
Flack parameter n/a n/a n/a 
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Table 5-3: Crystal data and structure refinement. 
Crystal Structure 
[P(MeNHC−PtBu2)2] 
[BPh4] 
[Au{P(MeNHC−PtBu2)(MeNHC−BPh3)} 
{PtBu2Cl}][BPh4] 
CCDC 1851851 1851853 
Empirical 
formula 
C48H66BN4P3 C67H83AuB2Cl3N4P3 
Formula weight 802.76 1362.22 
Temperature (K) 100.02 110.85 
Crystal system monoclinic triclinic 
Space group P21/n P-1 
a (Å) 9.8542(11) 12.4320(7) 
b (Å) 32.065(4) 14.7989(9) 
c (Å) 14.2907(17) 18.2699(10) 
α (°) 90 95.115(2) 
β (°) 92.694(3) 90.213(2) 
γ (°) 90 93.294(2) 
Volume (Å3) 4510.5(9) 3342.2(3) 
Z 4 2 
ρcalc (g·cm−3) 1.182 1.354 
μ (mm−1) 0.169 2.434 
F(000) 1728.0 1396.0 
Crystal size 
(mm3) 
0.36 × 0.161 × 0.09 0.307 × 0.207 × 0.081 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.73 to 52.916 5.784 to 65.41 
Index ranges 
-12 ≤ h ≤ 12 
-40 ≤ k ≤ 40 
-17 ≤ l ≤ 17 
-18 ≤ h ≤ 18 
-22 ≤ k ≤ 22 
-27 ≤ l ≤ 27 
Reflections 
collected 
93171 166955 
Independent 
reflections 
9247 
Rint = 0.0640 
Rsigma = 0.0422 
24466 
Rint = 0.0429 
Rsigma = 0.0345 
Data/restraints 
/parameters 
9247/0/519 24466/0/763 
Goodness-of-fit 
on F2 
1.150 1.034 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0639 
wR2 = 0.1296 
R1 = 0.0310 
wR2 = 0.0578 
Final R indexes 
[all data] 
R1 = 0.0850 
wR2 = 0.1379 
R1 = 0.0479 
wR2 = 0.0648 
Largest diff. 
peak/hole (e·Å−3) 
0.55/-0.33 2.87/-1.58 
Flack parameter n/a n/a 
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CHAPTER 6: 
Assessing the Ligand Properties of NHC-Stabilized 
Phosphorus(I) Cations 
6.1  Introduction 
Phosphamethine cyanine cations were among the first dicoordinate 
phosphorus-containing molecules to be synthesized and they played a critical role in 
dispelling the “double-bond rule”.1 Since then, the chemistry of low-coordinate 
phosphorus has seen remarkable advancements. These include applications in the 
fields of coordination chemistry and transition metal-mediated catalysis among many 
others.2–5 As early as 1973, Dimroth reported that silver and mercury complexes of 
benzimidazolyl-phosphamethine cyanines could be isolated as solids.6 But unlike 
other low-coordinate phosphorus-containing compounds – such as phosphides,7–11 
phospholides,12,13 phosphinidenes,14–22 phosphinines,23–30 phosphaalkenes31–35, 
isophosphindoliums,36–39 and phospheniums40–45 – which have all seen extensive 
development as ligands over the years, the coordination chemistry of 
phosphamethine cyanine cations has remained virtually unexplored since Dimroth’s 
seminal work. 
The lack of progress in this area is likely attributable to the weak ligand ability 
of these and other cationic phosphanido-species. As an example, analogous 
triphosphenium cations require the inclusion of an anionic group to their framework 
in order for them to form isolable metal complexes.46–48 In this case, the increased 
ligand ability may be rationalized by destabilization of the frontier orbitals due to 
reduced negative hyperconjugation (-backbonding) from the PI centre into the 
flanking phosphines. The ligand ability is also bolstered by the absence of the overall 
positive charge. Electronic fine-tuning of the PI centre should be possible by changing 
the type of ligands on phosphorus. Such tuning has been of significant interest for the 
isolobal and isovalent carbon(0) compounds (carbones) (Figure 6-1), and as 
suggested by this analogy, carbodicarbenes (CDCs) are thought to be better 
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nucleophiles than carbodiphosphoranes.49–55 Indeed, carbodicarbenes (CDCs) have 
proven to be excellent 2- or 4-electron donor ligands to main group element 
fragments and transition metals alike.56–64 From this perspective, we posited that the 
use of N-heterocyclic carbenes (NHCs) for phosphorus(I) systems could provide 
similar advantages. Furthermore, the resulting cationic PI ligands and their metal 
complexes could be of use in a myriad of niche applications. These include the 
immobilization of catalysts in water or ionic liquid media,65 the detection of catalytic 
intermediates by mass spectrometry,66 and the design of ion-paired chiral ligands67 
or extreme -acid catalysts.68,69 
 
Figure 6-1: Isolobal analogy between carbon(0) compounds (left) and phosphorus(I) 
compounds (right). 
Our group has developed an efficient route to phosphamethine cyanines 
involving P+ transfer from a triphosphenium salt.70–75 These species can be 
considered as NHC-stabilized phosphorus(I) cations when delocalization of the -
type lone pair on phosphorus is minimized. We also showed that one of these cations, 
[P(MeNHCMe)2]+ (referred to as [L]+ for the remainder of the chapter), may bind to 
one or two equivalents of gold(I) chloride.72,76 Simultaneously, Weigand reported the 
preparation of coinage metal complexes of a bulkier asymmetrically-substituted 
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variant.77 Remarkably, it has recently been shown that a dicationic phosphine may 
act as a cyclopropenylidene-stabilized PI pro-ligand78 in the presence of excess PdCl2 
by heterolytic cleavage of a tert-butyl group.79 Considering the intensifying interest 
in this field (and in the field of cationic ligands in general) we report the isolation of 
various cationic metal carbonyl complexes of the NHC-stabilized phosphorus(I) 
ligand [L]+. 
6.2  Results and Discussion 
6.2.1  Synthesis of M(CO)n Complexes 
We chose to first examine the reaction of [L][BPh4] towards group 6 and iron 
carbonyls, given the importance of these electrophiles in terminal phosphinidene 
chemistry.21,22,80–83 Irradiation (UVA) of a stirring mixture of [L][BPh4] and excess 
group 6 metal carbonyl, M(CO)6 (M = Cr, Mo, W), in THF over the course of several 
four-hour intervals resulted in the formation of the cationic complexes [M(CO)5L]+. 
This was evident by the disappearance of the starting material peak (ca. −113 ppm) 
in the 31P NMR spectra and the emergence of a new signal for each mixture. 
 
Scheme 6-1: Synthesis of [M(CO)5L][BPh4] (M = Cr, Mo and W) and [Fe(CO)4L][BPh4]. 
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Figure 6-2: 31P NMR spectra of [L][BPh4] and its metal carbonyl complexes. Chemical shifts 
for each salt are listed to the right of each spectrum. Blue inset displays satellites due to the 
coupling of 31P to 183W. All compounds were isolated as [BPh4]− salts. 
The reaction of [L][BPh4] and one equivalent of Fe2(CO)9 at room temperature 
resulted in the emergence of a new signal over the course of twelve hours, without 
the need for UVA irradiation (Scheme 6-1). There is a trend of increased shielding of 
the 31P NMR signal when going from Fe (−57.5 ppm) to the group 6 metals, 
descending the group (−75.9 ppm for M = Cr, −99.1 ppm for Mo, and −118.8 ppm for 
W). This trend is typical for phosphine- and phosphide-M(CO)5 and Fe(CO)4 
complexes (Figure 6-2).84 For [W(CO)5L][BPh4], satellites arising from coupling of 
31P to 183W (1JPW) could be resolved and have a magnitude of 130 Hz. This is very small 
compared to phosphine-M(CO)5 complexes (cf. for Ph3PW(CO)5, 1JPW = 280 HZ), but 
close to that of the related zwitterionic triphosphenium-W(CO)5 complex (134 Hz) 
and NHC-phenylphosphinidene adduct-W(CO)5 complexes (ca. 100−120 Hz). The 13C 
NMR signals for the carbenic carbon atoms are slightly shielded with respect to those 
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of the parent ligand. Also, the magnitude of the 1JCP coupling constant is slightly 
diminished, indicative of a decrease in P−C bond order upon metal complexation. 
6.2.2  X-ray Crystallography 
Crystallization of [M(CO)5L][BPh4] complex salts occurs upon workup (see 
Synthetic Information). All three are isomorphous, crystallizing in P21/c without the 
inclusion of solvent molecules. The [Fe(CO)4L][BPh4] complex salt crystallizes in 
C2/c also without the inclusion of solvent molecules. The pertinent metrical 
parameters of each complex are summarized in Table 6-1 and the structures are 
depicted in Figure 6-3. Unlike CDCs, which coordinate transition metals furnishing 
trigonal planar carbon atoms,51,55–57,59,62,63 the phosphorus atoms in 
[M(CO)5L][BPh4] and [Fe(CO)4L][BPh4] adopt a trigonal pyramidal geometry (sum 
of angles around phosphorus ca. 329°), retaining a stereochemically active lone pair 
of electrons on phosphorus. The P−C bond lengths in all cases are slightly elongated 
compared to those of the free ligand (1.801(2) Å and 1.812(2) Å). This is attributable 
to the decreased P−C bond order upon coordination. Likewise, twisting of the NHC 
fragments out of the C−P−C plane increases upon coordination. 
Table 6-1: Selected bond lengths (Å) and angles (°) for mononuclear metal carbonyl 
complexes of the form [M(CO)nL][BPh4] (n = 5 for Cr, Mo, and W; n = 4 for Fe). 
Metal M−P M−COcis* M−COtrans* P−C ΣP † C−P−C 
Cr 2.4749(5) 1.898(2) 1.8582(18) 
1.8290(14) 
1.8226(15) 
329.67(16) 95.63(6) 
Mo 2.6037(5) 2.048(3) 1.987(2) 
1.8189(19) 
1.8234(18) 
329.42(12) 96.21(8) 
W 2.5927(4) 2.041(2) 1.9878(19) 
1.8230(15) 
1.8242(14) 
328.79(9) 96.19(6) 
Fe 2.3187(11) 1.789(5) 1.783(5) 
1.831(3) 
1.832(3) 
327.86(22) 102.41(15) 
* cis and trans assignments are relative to the position of L 
† sum of angles about phosphorus 
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Figure 6-3: Thermal ellipsoid plots (50% probability surface) of [M(CO)5L][BPh4] (M = Cr, 
Mo and W) (left) and [Fe(CO)4L][BPh4] (right). Anions and hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (°) are summarized in Table 6-1. 
The metal centres in [M(CO)5L][BPh4] adopt a slightly distorted octahedral 
geometry. The iron atom in [Fe(CO)4L][BPh4] adopts a trigonal bipyramidal 
geometry, whereby [L]+ occupies an axial position. Some evidence has shown that -
donor ligands have a preference for axial site coordination in Fe(CO)4 complexes and 
that strong -acceptors have a preference for the equatorial site (although there is 
some debate on the topic).85–88 This metric suggests that [L]+ is most likely not an 
excellent -acceptor (as a comparison, the -acidic phosphenium cation [P(NEt2)2]+ 
coordinates Fe(CO)4 in the equatorial position).89 The Fe−P and M−P bond lengths fall 
between those of zwitterionic triphosphenium M(CO)5 complexes (which are slightly 
shorter)46 and NHC-phosphinidene adduct-M(CO)5 complexes (which are slightly 
longer).14,90 All of the phosphorus-metal bond lengths reported herein are 
significantly longer than those of phosphine-M(CO)5 complexes.91 Also, the M−CO 
bond that is trans to [L]+ is significantly shorter than the M−CO bonds that are cis to 
[L]+, characteristic of a significant “structural cis-influence”92 compared to 
Ph3P-M(CO)5 complexes. The latter have much smaller disparities between M−COeq 
and M−COax lengths (cf. for PPh3−W(CO)5: M−COeq(avg) = 2.033(6) and M−COax = 
2.006(5)). The M−COax bond length has also been used as a parameter for the -
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accepting ability of the ligand opposite COax,93 and thus these data indicate [L]+ can 
be thought of as a weaker -acceptor than phosphines. 
6.2.3  IR Spectroscopy 
The infrared spectra of the purified [M(CO)5L][BPh4] salts display four 
carbonyl stretching bands (Figure 6-4) that may be assigned based on previous work, 
and by considering the pseudo-C4V symmetry of the metal centres.90,94,95 These are the 
A1(eq) mode (symmetrical breathing of the equatorial carbonyls), the E mode 
(asymmetric stretching of the equatorial carbonyls) and A1(ax) mode (the stretching 
the axial carbonyl). The latter two bands are discernable by the greater expected 
intensity of the E band. The B1 band appears for systems in which the C4v symmetry 
is broken by a lower symmetry ligand.94 In the present work, the C2 symmetric [L]+ 
coordinates side-on to generate C1 symmetric complexes that feature B1 bands. 
The frequencies of all the vibrational modes (Table 6-2) are significantly 
lower than those of phosphine-M(CO)5 complexes. This implies a higher degree of 
electron density on the metal centres coordinated to [L]+. It is generally accepted that 
for M(CO)5 complexes, the A1(ax) band is most sensitive to the -acidity of the ligand 
opposite the axial carbonyl,84,96 and thus the frequency of this vibrational mode is a 
good gauge of the ligand’s -accepting ability. Quite interestingly, unlike what is found 
for NHC-phosphinidene adducts and amines/pyridines (which are negligible -
acceptors), the A1(ax) band in M(CO)5 complexes of [L]+ is found at higher 
wavenumbers than the E band. Akin to the situation for phosphine ligands, this 
observation suggests a non-negligible -acidity associated with [L]+. This seems 
reasonable considering that there are two -cationic groups on the phosphorus(I) 
atom of [L]+. Thus, the donor properties of [L]+ seem to fill the gap between those of 
typical phosphines and Lewis base-stabilized phosphinidenes/amines (Figure 6-5). 
This is in stark contrast to the ligand properties of CDCs, which are excellent - and 
-donors. 
CHAPTER 6: 
Assessing the Ligand Properties of NHC-Stabilized Phosphorus(I) Cations 
 159 References begin on page 176 
 
Figure 6-4: Carbonyl region of the IR spectra of [M(CO)5L][BPh4] (W in blue (top), Mo in teal 
(middle), and Cr in green (bottom)). 
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Table 6-2: Selected IR absorption bands of the reported complexes and some reference 
compounds. 
Metal Fragment Ligand A1(eq) B1 A1(ax) E Method/Solvent Ref. 
W(CO)5 
PhP(IDipp) 2054 1963 1860 1909 ATR 90 
Cy 2071 1974 1894 1929 CHCl3 96 
Py 2076 1980 1895 1933 CHCl3 96 
[L][BPh4] 2061 1977 1927 1900 ATR  
PtBu3 2068 1970 1934 1929 pentane 97 
PPh3 2071 1979 1943 1943 cyclohexane 98 
Mo(CO)5 
PhP(IDipp) 2055 1970 1864 1915 ATR 90 
Cy 2072 1983 1895 1938 CHCl3 96 
Py 2079 1987 1890 1944 CHCl3 96 
[L][BPh4] 2063 1984 1935 1905 ATR  
PtBu3 2069 1978 1935 1936 pentane 97 
PPh3 2072 1986 1949 1949 cyclohexane 98 
Cr(CO)5 
Cy 2067 1980 1890 1935 CHCl3 96 
Py 2073 1986 1905 1938 CHCl3 96 
[L][BPh4] 2053 1974 1923 1891 ATR  
PtBu3 2059 1972 1933 1930 pentane 97 
PPh3 2062 1981 1948 1941 cyclohexane 98 
Fe(CO)4 
[L][BPh4] 2029 n/a 1947 1907 ATR  
PtBu3 2045 n/a 1963 1924 Nujol® 99 
PPh3 2052 n/a 1979 1946 methylcyclohexane 100 
Cy = cyclohexylamine 
Py = pyridine 
PhP(IDipp) = bis(2,6-diisopropylphenyl)imidazol-2-ylidene-phenylphosphinidene adduct 
 
 
Figure 6-5: Relative -accepting ability of comparable ligands using the A1(ax) vibrational 
mode stretching frequency of their respective M(CO)5 complexes (M = Cr, Mo, and W). 
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6.2.4  Computational Investigations 
To further corroborate the vibrational mode assignments, optimization and 
frequency calculations were performed on models of [M(CO)5L]+ at the 
PBE1PBE/TZVP+SDD level of theory. The optimizations reproduce the structural 
features reasonably, and the predicted IR active vibrational information corroborate 
the assignments. Inspection of the Kohn-Sham orbitals reveals a HOMO with large 
contributions from the metal d orbitals and the phosphorus “lone pair”. The HOMO−1 
and HOMO−2 are nearly entirely localized on the metal centres, but the HOMO−3 
shows some interaction between the metal d orbitals and [L]+. This could be 
consistent with either L→M -bonding or with L←M  back-bonding (Figure 6-6). 
Fragment analysis using a revPBE+D3(BJ)/TZVP model system confirms that back-
bonding from the filled metal d orbital is the most appropriate interpretation. Still, it 
is worth noting that energy decomposition analysis (EDA) reveals that the attractive 
component of the bonding is dominated by electrostatic interactions (58%) rather 
than orbital interactions (42%) (see E.3). 
 
Figure 6-6: Depictions of the HOMO and HOMO−3 of [W(CO)5L]+ computed at the 
PBE1PBE/TZVP+SDD level of theory. 
It is also worth emphasizing that the HOMO (−8.11 eV) and LUMO (−3.64 eV) 
energies of [L]+ are significantly stabilized compared to those of PPh3 (HOMO = −6.21 
eV, LUMO = −0.70 eV), as one might expect due to the overall positive charge on the 
molecule. As a comparison, these energies fall directly between those of PPh3 and -
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cationic phosphines, which have been extensively surveyed by Alacarazo.69 These 
calculations lend support to the postulated -accepting ability of [L]+, considering 
that non--acceptors typically have a much higher-energy LUMO (for example, the 
NMe3 LUMO = +1.20 eV) that is not accessible for metal back-bonding. To further 
assess the metal-ligand bond, snapping energy of the [L]+−W(CO)5 bond was 
calculated alongside those of Me3N−, pyridine−, Me3P− and Ph3P−W(CO)5 complexes 
optimized at the same level of theory (see E.4, E.5, E.6, and E.7). The calculated bond 
snapping energy of 139.4 kJ·mol−1 for the [L]+−W(CO)5 bond falls between those of 
the NMe3 and the pyridine complexes (136.8 and 146.0 kJ·mol−1, respectively), with 
the snapping energies of the Me3P− and Ph3P−W bonds being significantly higher 
(179.5 and 208.4 kJ·mol−1, respectively). These combined data agree well with the 
conclusions drawn from the single crystal X-ray diffraction (SCXRD) and IR 
experiments, placing the donor properties of [L]+ in between those of amines and 
phosphines. 
6.2.5  Synthesis and Characterization of M2(CO)n Complexes 
Because the reaction of excess (10 equivalents) group 6 or iron carbonyls with 
[L][BPh4] did not show any signs of dinuclear species, other metal carbonyl reagents 
were examined in the hope of engaging both lone pairs on phosphorus in bonding. 
Hence, UVA irradiation of a mixture of Mn2(CO)10 and [L][BPh4] in THF resulted in a 
colour change from bright-yellow to deep-orange (Scheme 6-2). Inspection of the 31P 
NMR spectrum of the mixture revealed a single broad peak centred near 60 ppm. 
Likewise, the addition of [L][BPh4] to a solution of Co2(CO)8 in THF resulted in a deep-
purple solution that featured a broad signal around 70 ppm (without the need for 
UVA irradiation). The breadth of these peaks (Figure 6-2) is attributable to the 
efficient quadrupole relaxation of the 55Mn (I = 5/2) and 59Co (I = 7/2) nuclei. The 13C 
NMR signals for the carbenic carbon atoms of these materials are even more shielded 
than those of the mononuclear complexes. Likewise, the magnitudes of the C−P 
coupling constants are even smaller, suggesting the formation of dinuclear species. 
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Scheme 6-2: Synthesis of [{Mn(CO)4}2(μ-L)][BPh4] and [{Co(CO)3}2(μ-L)][BPh4]. 
The dinuclear compositions of the salts [{Co(CO)3}2(μ-L)][BPh4] and 
[{Mn(CO)4}2(μ-L)][BPh4] were confirmed by SCXRD analysis of the crystalline 
materials obtained during workup. The experiment revealed the now (distorted-) 
tetrahedral phosphorus atom of [L]+ coordinated to a Co2(CO)6 or Mn2(CO)8 fragment, 
respectively, in a bridging fashion (Figure 6-7). The Mn−Mn bond length is 
significantly shorter than that found in the related [PPh2]− complex (2.867(2) Å)101, 
suggestive of reduced electron density on the manganese centres in 
[{Mn(CO)4}2(μ-L)][BPh4]. This notion is in line with the greater -acidity of [L]+. The 
Mn−Mn bond lengths are, however, slightly longer than those of the abnormal NHC-
adduct of the bridging phosphinidene complex [{Mn(CO)4}2{μ-P(NiPr2)}], which is 
consistent with that ligand being a more -acidic ligand than [L]+.102 The Co−Co bond 
length in the cation [{Co(CO)3}2(μ-L)]+ is shorter than that found in the related 
zwitterionic triphosphenium complex (2.6770(8) Å),46 giving evidence that [L]+ is a 
marginally stronger -acceptor. 
CHAPTER 6: 
Assessing the Ligand Properties of NHC-Stabilized Phosphorus(I) Cations 
 164 References begin on page 176 
 
Figure 6-7: Thermal ellipsoid plots (50% probability surface) of [{Mn(CO)4}2(μ-L)][BPh4] 
(left) and [{Co(CO)3}2(μ-L)][BPh4] (right). Anions, solvent molecules, and hydrogen atoms 
are omitted for clarity. Selected bond lengths (Å) and angles (°) are summarized in Table 6-3. 
Table 6-3: Selected bond lengths (Å) and angles (°) for dinuclear metal carbonyl complexes. 
Crystal Structure 
[{Mn(CO)4}2(μ-L)] 
[BPh4] 
[{Mn(CO)4}2(μ-L)] 
[BPh4]·3THF 
[{Co(CO)3}2(μ-L)] 
[BPh4] 
M−P 2.2705(4) 
2.2632(4) 
2.2676(4) 
2.1413(5) 
M−COcis P 1.8408(18) 1.8410(16) 
1.787(2) M−COtrans P 1.8293(18) 1.8193(17) 
M−COtrans M 1.7914(16) 1.7979(18) 
M−M 2.7936(4) 2.8154(3) 2.6502(5) 
P−C 1.8463(12) 
1.8471(13) 
1.8493(13) 
1.8327(16) 
C−P−C 99.75(7) 97.17(6) 97.02(10) 
M−P−M 75.929(16) 76.837(13) 76.46(2) 
 
6.2.6  Synthesis and Characterization of trans-[PtCl2L2][BPh4]2 
Given the foregoing results, we have begun to investigate the coordination 
chemistry of [L]+ and related PI-centred ligands towards catalytically relevant metals 
including those of group 10 and 11. We wish to present one such example as further 
affirmation of the potential of [L]+. The reaction between [L][BPh4] and K2PtCl4 
affords the dicationic platinum complex trans-[PtCl2L2][BPh4]2 as large single 
CHAPTER 6: 
Assessing the Ligand Properties of NHC-Stabilized Phosphorus(I) Cations 
 165 References begin on page 176 
crystals suitable for SCXRD. The 31P NMR spectrum of a CD3CN solution of this 
material features signal at −60.1 ppm that has satellites due to the coupling of 31P to 
195Pt (1JPPt) with a magnitude of 1410 Hz. This is remarkably small compared to 1JPPt 
found for trans-(Ph3P)2PtCl2 (2627 Hz).103 
The salt trans-[PtCl2L2][BPh4]2 crystallizes in P21/n and the solid-state 
structure depicted in Figure 6-8. The Ci symmetric dication has Pt−P bond lengths of 
2.3181(6) Å, which are similar to those found for trans-[PtCl2(PPh3)2] (2.3163(11) Å). 
The Pt−Cl bond lengths of 2.3290(6) Å are slightly longer than those of the PPh3 
analogue (2.2997(11) Å).103 As with the metal carbonyl complexes, the phosphorus 
atoms of the terminally bound [L]+ ligands adopt trigonal pyramidal geometries (sum 
of angles around phosphorus is 322.45(15)°). Additional reactivity presented by this 
potentially Lewis basic site adjacent to the Pt atom is currently under investigation. 
 
Figure 6-8: Thermal ellipsoid plot (50% probability surface) of trans-[PtCl2L2][BPh4]2. 
Anions and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): 
Pt−P, 2.3181(6); Pt−Cl, 2.3290(6); P−C1, 1.826(3); P−C2, 1.828(2); P−Pt−P', 179.999(17); 
Cl−Pt−Cl', 180.00(3); P−Pt−Cl, 94.06(2); P−Pt−Cl', 85.94(2). 
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6.3  Conclusions 
Replacement of the phosphine ligands in triphosphenium cations by NHCs 
effectively increases the nucleophilicity of the phosphorus(I) centres. This renders 
these compounds suitable as ligands for various group 6 to 9 metal carbonyls and for 
platinum(II) chloride. The reported metal carbonyl complexes are the first examples 
of crystallographically characterized cationic metal carbonyl derivatives of a PI-
centred ligand. Furthermore, they represent the first rationally synthesized metal 
complexes of a cationic PI-centred ligand outside of group 11 with long-term stability. 
[L]+ was found to coordinate metals in a terminal or bridging fashion, and to be a 
moderate -donor with some -accepting ability. This assessment was made 
according to the vibrational frequencies of the carbonyl ligands on [M(CO)5L]+ 
complexes and corroborated by DFT calculations. As a terminal ligand, [L]+ retains a 
lone pair of electrons that may enable additional reactivity. The cationic metal 
complexes reported herein were isolated in the solid state and most were detected 
by ESI-MS. This makes them potentially useful for a variety of niche applications for 
cationic ligands. Investigations into the catalytic relevance of these and other late 
transition element complexes of [L]+ are promising given our results and are 
currently underway in our laboratory. 
6.4  Experimental 
6.4.1  General Remarks 
All manipulations were carried out using standard inert atmosphere 
techniques. Fe2(CO)9 was purchased from Strem Chemicals Inc. and all other 
chemicals and reagents were purchased from Sigma Aldrich. All reagents were used 
without further purification. CD3CN was dried over calcium hydride or phosphorus 
pentoxide. DCM-d2 and chloroform-d3 were dried over phosphorus pentoxide. All 
deuterated solvents were stored over molecular sieves under nitrogen. All other 
solvents were dried on a series of Grubbs’ type columns and were degassed prior to 
use.104 [L][BPh4] was synthesized according to a literature method.72 NMR spectra 
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were recorded at room temperature on Bruker Avance III 500 MHz, Bruker Avance 
Ultrashield 300 MHz, or Bruker Avance DPX 300 MHz spectrometers. Chemical shifts 
are reported in ppm relative to internal standards for 1H and 13C (the given 
deuterated solvent) and external standards for and 31P (85% H3PO4), and 11B 
(Et2O·BF3). Coupling constants |J| are given in Hz. Elemental analysis was performed 
at the University of Windsor Mass Spectrometry Service Laboratory using a Perkin 
Elmer 2400 combustion CHN analyzer. HR-ESI-MS was performed at the McMaster 
Regional Centre for Mass Spectrometry. Reactions requiring irradiation were 
performed in a Luzchem photoreactor (model LZC-ECH2) fitted with UVA lamps. 
Infrared spectra were recorded using the neat solids on a Bruker ALPHA FT-IR 
spectrometer using a Platinum ATR sampling module. Stretching frequencies (ν) are 
reported in cm−1 and intensities are reported using the following abbreviations: vw = 
very weak, w = weak, m = medium, s = strong, vs = very strong. 
6.4.2  Synthetic Information 
 General Synthesis of [M(CO)5L][BPh4]: THF (ca. 3 mL) is added to a screw 
top vial containing [L][BPh4] and an excess of the given M(CO)6. The vial is sealed, 
placed in a UV reactor, and stirred under irradiation (UVA, 315−400 nm) for four-
hour intervals. The reaction progress is monitored by 31P NMR between each interval 
until full or near-full conversion is reached. When complete, all volatiles are removed 
from the reaction mixture under reduced pressure, and any excess M(CO)6 is removed 
from the product by sublimation under reduced pressure at 30−40 °C onto a cold 
finger cooled by running cold water. Dissolution of the remaining solids in a minimal 
amount of THF followed by filtration and addition of an equivalent (or greater) 
amount of Et2O causes precipitation of single crystals of the titled compounds over 
the course of several hours or overnight. 
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[Cr(CO)5L][BPh4]: Reagents: [L][BPh4] (0.189 g, 0.316 
mmol), Cr(CO)6 (0.091 g, 0.41 mmol). Yield: 73% (0.183 
g, 0.231 mmol). 31P{1H} NMR (CDCl3, 121.5 MHz) δ: 
−75.9 (s). 13C{1H} NMR (CDCl3, 125.8 MHz) δ: 9.39 (s, 
NCCH3), 33.7 (s, NCH3), 121.9 (s, BPh4), 125.7 (s, BPh4), 
128.6 (s, NCCH3), 136.2 (s, BPh4), 152.1 (d, 1JCP = 74.0, 
PCN), 164.2 (q, 1JCB = 49.3, BPh4), 216.9 (s, CO cis), 222.3 (s, CO trans). 11B{1H} NMR 
(CDCl3, 96.3 MHz) δ: −5.1 (s, BPh4). 1H NMR (CDCl3, 300.1 MHz) δ: 1.94 (s, 12H, 
CCH3), 3.33 (s, 12H NCH3), 6.81 (m, 4H, BPh4), 6.93 (m, 8H, BPh4), 7.34 (m, 8H, BPh4). 
FT-IR (ATR) νCO: 2053 (m), 1974 (vw), 1923 (vs), 1891 (vs). Elemental Analysis: 
calculated for C43H44N4PBCrO5: C, 65.32; H, 5.61; N, 7.09, found: C, 65.21; H, 5.81; N, 
7.07. HR-ESI-MS: calculated for [C19H24N4PCrO5]+ m/z = 471.0884, found: 471.0866. 
[Mo(CO)5L][BPh4]: Note: This complex was found to be 
significantly less stable than the Cr or W analogues in that 
heating of the solid material (above 40 °C) or dissolution 
in MeCN or chlorinated solvents led to significant 
decomplexation of the ligand over time. Reagents: 
[L][BPh4] (0.134 g, 0.224 mmol), Mo(CO)6 (0.335 g, 1.27 
mmol). Yield: 70% (0.131 g, 0.157 mmol). 31P{1H} NMR (CDCl3, 121.5 MHz) δ: −99.1 
(s). 13C{1H} NMR (CD2Cl2, 125.8 MHz) δ: 9.54 (s, NCCH3), 34.1 (d, 3JCP = 7.2, NCH3), 
122.1 (s, BPh4), 126.0 (q, JCB = 2.3, BPh4), 128.6 (s, NCCH3), 136.2 (s, BPh4), 152.8 (d, 
1JCP = 68.4, PCN), 164.4 (q, 1JCB = 49.4, BPh4), 205.6 (s, CO eq.), 211.9 (d, 2JCP = 17.6, CO 
ax.). 11B{1H} NMR (CD2Cl2, 160.5 MHz) δ: −6.1 (s, 1JCB = 49.3, BPh4). 1H NMR (CD2Cl2, 
300.1 MHz) δ: 1.93 (s, 12H CCH3), 3.31 (s, 12H NCH3), 6.82 (m, 4H, BPh4), 6.94 (m, 
8H, BPh4), 7.34 (m, 8H, BPh4). FT-IR (ATR) νCO: 2063 (m), 1984 (w), 1935 (vs), 1905 
(vs). Elemental Analysis: calculated for C43H44N4PBMoO5: C, 61.88; H, 5.31; N, 6.71, 
found: C, 63.21; H, 5.78; N, 6.79. HR-ESI-MS: calculated for [C19H24N4PMoO5]+ m/z = 
517.0537, found: 517.0514. 
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[W(CO)5L][BPh4]: Reagents: [L][BPh4] (0.164 g, 0.274 
mmol), W(CO)6 (0.289 g, 0.821 mmol). Yield: 77% (0.194 
g, 0.210 mmol). 31P{1H} NMR (CD3CN, 121.5 MHz) δ: 
−124.7 (s, 1JPW = 131). 13C{1H} NMR (CD3CN, 125.8 MHz) 
δ: 9.29 (s, NCCH3), 34.6 (d, 3JCP = 7.3, NCH3), 122.7 (s, 
BPh4), 126.5 (q, JCB = 2.4, BPh4), 129.2 (s, NCCH3), 136.6 
(s, BPh4), 151.0 (d, 1JCP = 62.3, PCN), 164.7 (q, 1JCB = 49.4, BPh4), 198.4 (d, 2JCP = 4.2, 
1JCW = 125.9, CO eq.), 201.7 (d, 2JCP = 16.6, CO ax.). 11B{1H} NMR (CD3CN, 160.5 MHz) 
δ: −6.1 (s, BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 2.19 (s, 12H, CCH3), 3.60 (s, 12H, 
NCH3), 6.84 (m, 4H, BPh4), 6.99 (m, 8H, BPh4), 7.27 (m, 8H, BPh4). FT-IR (ATR) νCO: 
2061 (m), 1977 (w), 1927 (vs), 1900 (vs). Elemental Analysis: calculated for 
C43H44N4PBWO5: C, 55.99; H, 4.81; N, 6.07, found: C, 55.99; H, 5.05; N, 5.79. HR-ESI-
MS: calculated for [C19H24N4PWO5]+ m/z = 603.0990, found: 603.0981. 
[Fe(CO)4L][BPh4]: THF (ca. 5 mL) was added to a mixture 
of [L][BPh4] (0.179 g, 0.299 mmol) and Fe2(CO)9 (0.109 
g, 0.300 mmol) and the mixture was allowed to stir 
overnight. The mixture was filtered through a plug of 
diatomaceous earth and all volatiles were removed from 
the filtrate under reduced pressure. THF (ca. 1 mL) was 
added to dissolve the residue and Et2O was added to incipient precipitation of an 
orange solid. After decanting the supernatant, the orange solid was dried under 
reduced pressure. Crystals suitable for SCXRD were grown by slow evaporation of a 
CDCl3 solution. Yield: 44% (0.102 g, 0.133 mmol). 31P{1H} NMR (CD3CN, 121.5 MHz) 
δ: −57.5 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.36 (s, NCCH3), 34.6 (d, 3JCP = 8.8, 
NCH3), 122.7 (s, BPh4), 126.5 (q, JCB = 2.4, BPh4), 130.3 (s, NCCH3), 136.6 (s, BPh4), 
148.6 (d, 1JCP = 79.1, PCN), 164.7 (q, 1JCB = 49.2, BPh4), 215.9 (d, 2JCP = 3.3, CO). 11B{1H} 
NMR (CD3CN, 160.5 MHz) δ: −6.1 (s, BPh4). 1H NMR (CD3CN, 300.1 MHz) δ: 2.09 (s, 
12H, CCH3), 3.55 (s, 12H, NCH3), 6.74 (m, 4H, BPh4), 6.89 (m, 8H, BPh4), 7.17 (m, 8H, 
BPh4). FT-IR (ATR) νCO: 2029 (m), 1947 (m), 1907 (s). Elemental Analysis: 
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calculated for C42H44N4PBFeO4: C, 65.82; H, 5.79; N, 7.31, found: C, 65.70; H, 5.83; N, 
6.79. HR-ESI-MS: calculated for [C18H24N4PFeO4]+ m/z = 447.0879, found: 447.0867. 
[{Co(CO)3}2(μ-L)][BPh4]: A yellow solution of [L][BPh4] 
(0.068g, 0.11 mmol) in THF (2 mL) was added to Co2(CO)8 
(0.039g, 0.11 mmol) in THF (1 mL) and the resultant 
purple mixture was stirred for one hour. Hexanes (6 mL) 
were added and the reaction mixture was left 
undisturbed for two hours, yielding a dark precipitate 
from which a single crystal suitable for SCXRD was collected. After decanting all 
liquids and drying the precipitate under reduced pressure, MeCN (3 mL) was added 
and the mixture was centrifuged. The supernatant was decanted, and all volatiles 
were removed under reduced pressure to yield the title compound as a dark-purple 
solid. Yield: 61% (0.065 g, 0.069 mmol). 31P{1H} NMR (CD3CN, 202.5 MHz) δ: 70.8 
(b). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.25 (s, NCCH3), 34.4 (s, NCH3), 122.7 (s, 
BPh4), 126.5 (q, JCB = 2.5, BPh4), 130.6 (s, NCCH3), 136.6 (s, BPh4), 143.1 (d, 1JCP = 9.1, 
PCN), 164.7 (q, 1JCB = 49.2, BPh4), 206.8 (b, CO). 11B NMR (CD3CN, 96.3 MHz) δ: −6.1 
(s, BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 2.20 (s, 12H, CCH3), 3.64 (s, 12H, NCH3), 
6.84 (m, 4H, BPh4), 6.99 (m, 8H, BPh4), 7.27 (m, 8H, BPh4). FT-IR (ATR) νCO: 2046 (s), 
1996 (s), 1971 (vs), 1961 (vs), 1938 (vs). Elemental Analysis: calculated for 
C44H44N4PBO6Co2: C, 59.75; H, 5.01; N, 6.33, found: C, 59.62; H, 3.76; N, 5.63. HR-ESI-
MS: Not observed. 
[{Mn(CO)4}2(μ-L)][BPh4]: THF (1 mL) was added to a 
vial containing [L][BPh4] (0.021 g, 0.035 mmol) and 
Mn2(CO)10 (0.014 g, 0.036 mmol). The mixture was 
stirred for five hours under UVA irradiation and 
determined to be complete by 31P NMR spectroscopy of 
the mixture. Et2O (2 mL) was added to the solution and it 
was left to stand overnight, yielding single crystals of the title compound as a THF 
solvate. Once removed from the mother liquor, and over the course of several hours 
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or under reduced pressure, these crystals become opaque and powdery. Crystals 
suitable for SCXRD were also acquired by slow evaporation of a CD3CN solution in air. 
Yield: 69% (0.022 g, 0.024 mmol). 31P{1H} NMR (CD3CN, 121.5 MHz) δ: 62.3 (b). 
13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.48 (s, NCCH3), 35.3 (s, NCH3), 122.8 (s, BPh4), 
126.6 (s, BPh4), 131.4 (s, NCCH3), 136.7 (s, BPh4), 142.1 (d, 1JCP = 9.6, PCN), 164.8 (q, 
1JCB = 49.3, BPh4), 222,0 (b, CO). 11B NMR (CD3CN, 96.3 MHz) δ: −4.5 (s, BPh4). 1H 
NMR (CD3CN, 300.1 MHz) δ: 2.22 (s, 12H, CCH3), 4.08 (d, 12H, NCH3, 4JHP = 0.9 Hz), 
6.84 (m, 4H, BPh4), 7.02 (m, 8H, BPh4), 7.27 (m, 8H, BPh4). FT-IR (ATR) νCO: 2057 
(m), 2005 (m) 1994 (m), 1977 (m), 1935 (s), 1901 (s). Elemental Analysis: 
calculated for C46H44N4PBO8Mn2: C, 59.24; H, 4.76; N, 6.01, found: C, 58.86; H, 4.63; N, 
6.02. HR-ESI-MS: calculated for [C22H24N4PO8Mn2]+ m/z = 613.0087, found: 
613.0076. 
trans-[PtCl2L2][BPh4]2: A solution of [L][BPh4] 
(0.032 g, 0.053 mmol) in MeCN (1 mL) was added to 
a suspension of K2PtCl4 (0.022 g, 0.053 mmol) in 
MeCN (2 mL) and allowed to stir overnight. The 
resulting mixture was centrifuged and the yellow 
supernatant was concentrated by slow evaporation 
of the solvent, resulting in the deposition of large 
yellow single crystals. After decanting the 
supernatant, the crystals were washed with MeCN (1 mL) and allowed to dry under 
reduced pressure. Yield: 30% (0.022 g, 0.016 mmol). 31P{1H} NMR (CD3CN, 202.5 
MHz) δ: −60.1 (s, 1JPPt = 1410). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 9.46 (s, NCCH3), 
34.9 (s, NCH3), 122.7 (s, BPh4), 126.6 (q, JCB = 2.5, BPh4), 129.7 (s, NCCH3), 136.7 (s, 
BPh4), 146.7 (vt, 1JCP + 3JCP' = 67.0), 164.8 (q, 1JCB = 49.5, BPh4). 11B NMR (CD3CN, 
160.5 MHz) δ: −6.1 (s, BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 2.18 (s, 24H, CCH3,), 
3.77 (s, 24H, NCH3), 6.84 (m, 8H, BPh4), 6.99 (m, 16H, BPh4), 7.26 (m, 16H, BPh4). 
Elemental Analysis: calculated for C76H88N8P2B2PtCl2: C, 62.39; H, 6.06; N, 7.66, 
found: C, 63.26; H, 6.12; N, 7.76. HR-ESI-MS: calculated for [C28H48N8P2PtCl2]2+ m/z = 
412.1245, found: 412.1228. 
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6.4.3  Computational Details 
Calculations were performed with the Gaussian 09 suite of programs105 using 
Compute Canada's Shared Hierarchical Academic Research Computing Network 
(SHARCNET). Model complexes were fully optimized with no symmetry constraints 
using the PBE1PBE DFT method106–108 in conjunction with the TZVP basis sets for all 
atoms.109,110 The default Stuttgart-Dresden (SDD) quasi-relativistic effective core 
potentials were used for transition element atoms.111,112 Geometry optimizations 
were started using models in which the relevant non-hydrogen atoms were placed in 
positions found experimentally using X-ray crystallography and the hydrogen atoms 
were placed in geometrically appropriate positions using Gaussview.113 Frequency 
calculations were also performed at the same level of theory in order to confirm that 
the optimized structures were minima on the potential energy hypersurface and to 
determine thermochemical and vibrational information. NBO analyses114 to 
determine orbital contributions, Wiberg Bond Indices, and orbital energies were 
obtained using the routine included in the Gaussian distributions.115 Visualizations of 
the Kohn-Sham orbitals and optimized geometries were made using Visual Molecular 
Dynamics (VMD).116 Fragment and energy decomposition analyses of L−W(CO)5 were 
performed using the geometry optimized structures. Single-point calculations were 
done using the revPBE-D3(BJ)/TZ2P methodology implemented in ADF2016.117–121 
Snapping energies were calculated by subtracting the sum of the single point energies 
of the metal carbonyl and ligand fragments (separately) from the energy of the 
optimized complex. Summaries of the calculated results, including cartesian 
coordinates, are presented in Appendix E: Supplementary Information for Chapter 
6. 
6.4.4  X-ray Crystallography 
Crystals for investigation were covered in Paratone®, mounted onto a 
goniometer head, and then rapidly cooled under a stream of cold N2 of the low-
temperature apparatus (Oxford Cryostream) attached to the diffractometer. The data 
were then collected using the APEXII software suite122 on a Bruker Photon 100 CMOS 
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diffractometer using a graphite monochromator with MoKα (λ = 0.71073 Å) or CuKα 
(λ = 1.54178 Å) radiation. For each sample, data were collected at low temperature. 
APEXII software was used for data reductions and SADABS123 was used for 
absorption corrections (multi-scan; semi-empirical from equivalents). XPREP was 
used to determine the space group and the structures were solved and refined using 
the SHELX124 software suite as implemented in the WinGX125 or OLEX2126 program 
suites. Validation of the structures was conducted using PLATON.127 The disordered 
THF molecules in [{Mn(CO)4}2(μ-L)][BPh4]·3THF were modelled and refined using 
DSR128 as implemented in the ShelXle129 graphical user interface. 
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Table 6-4: Crystal data and structure refinement. 
Crystal Structure 
[Cr(CO)5L] 
[BPh4] 
[Mo(CO)5L] 
[BPh4] 
[W(CO)5L] 
[BPh4] 
[Fe(CO)4L] 
[BPh4] 
CCDC 1577983 1577984 1577985 1577982 
Empirical 
formula 
C43H44BCrN4O5P C43H44BMoN4O5P C43H44BN4O5PW C42H44BFeN4O4P 
Formula weight 790.60 834.54 922.45 766.44 
Temperature (K) 170.0 170.0 170.0 170.0 
Crystal system monoclinic monoclinic monoclinic monoclinic 
Space group P21/c P21/c P21/c C2/c 
a (Å) 18.9365(10) 19.1155(12) 19.1046(10) 20.1772(17) 
b (Å) 10.2428(6) 10.2622(6) 10.2618(5) 10.2921(8) 
c (Å) 22.4718(11) 22.5366(14) 22.5067(11) 37.536(3) 
α (°) 90 90 90 90 
β (°) 107.682(2) 107.662(2) 107.708(2) 95.149(2) 
γ (°) 90 90 90 90 
Volume (Å3) 4152.8(4) 4212.5(4) 4203.3(4) 7763.5(11) 
Z 4 4 4 8 
ρcalc (g·cm−3) 1.265 1.316 1.458 1.311 
μ (mm−1) 0.362 0.397 2.834 0.477 
F(000) 1656.0 1728.0 1856.0 3216.0 
Crystal size 
(mm3) 
0.211 × 0.123 × 
0.050 
0.338 × 0.180 × 
0.057 
0.222 × 0.174 × 
0.058 
0.173 × 0.160 × 
0.061 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.884 to 58.43 5.478 to 60.212 5.48 to 70.014 5.626 to 52.862 
Index ranges 
-25 ≤ h ≤ 26 
-14 ≤ k ≤ 14 
-30 ≤ l ≤ 27 
-25 ≤ h ≤ 26 
-13 ≤ k ≤ 14 
-31 ≤ l ≤ 31 
-30 ≤ h ≤ 30 
-16 ≤ k ≤ 16 
-36 ≤ l ≤ 34 
-25 ≤ h ≤ 24 
-12 ≤ k ≤ 12 
-46 ≤ l ≤ 46 
Reflections 
collected 
173346 122073 254332 97259 
Independent 
reflections 
11221 
Rint = 0.0641 
Rsigma = 0.0302 
1200 
 Rint = 0.0523 
Rsigma = 0.0421 
17930 
Rint = 0.0385 
Rsigma = 0.0285 
7915 
Rint = 0.0804 
Rsigma = 0.0585 
Data/restraints 
/parameters 
11221/0/504 12009/0/504 17930/0/512 7915/0/486 
Goodness-of-fit 
on F2 
1.049 1.070 1.049 1.145 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0406 
wR2 = 0.0912 
R1 = 0.0398 
wR2 = 0.0836 
R1 = 0.0268 
wR2 = 0.0500 
R1 = 0.0649 
wR2 = 0.1289 
Final R indexes 
[all data] 
R1 = 0.0685 
wR2 = 0.1031 
R1 = 0.0791 
wR2 = 0.0996 
R1 = 0.0544 
wR2 = 0.0579 
R1 = 0.1063 
wR2 = 0.1392 
Largest diff. 
peak/hole (e·Å−3) 
0.31/-0.56 0.55/-0.65 1.49/-1.35 0.58/-0.56 
Flack parameter n/a n/a n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
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Table 6-5: Crystal data and structure refinement. 
Crystal Structure 
[{Mn(CO)4}2(μ-L)] 
[BPh4] 
[{Mn(CO)4}2(μ-L)] 
[BPh4]·3THF 
[{Co(CO)3}2(μ-L)] 
[BPh4] 
CCDC 1577986 1577987 1577988 
Empirical 
formula 
C46H44BMn2N4O8P C58H68BMn2N4O11P C44H44BCo2N4O6P 
Formula weight 932.51 1148.82 884.47 
Temperature (K) 170.0 170(2) 170.01 
Crystal system tetragonal monoclinic monoclinic 
Space group I-42d C2/c C2/c 
a (Å) 23.0386(7) 28.0474(16) 15.9683(8) 
b (Å) 23.0386(7) 16.3819(10) 16.4138(8) 
c (Å) 16.4424(5) 25.9077(14) 16.7303(8) 
α (°) 90 90 90 
β (°) 90 103.030(2) 104.799(2) 
γ (°) 90 90 90 
Volume (Å3) 8727.3(6) 11597.3(12) 4239.6(4) 
Z 8 8 4 
ρcalc (g·cm−3) 1.419 1.316 1.386 
μ (mm−1) 0.674 0.524 0.872 
F(000) 3856.0 4816.0 1832.0 
Crystal size 
(mm3) 
0.495 × 0.299 × 0.265 0.340 × 0.150 × 0.140 0.343 × 0.210 × 0.188 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.55 to 63.146 5.486 to 61.176 5.566 to 60.188 
Index ranges 
-31 ≤ h ≤ 24 
-33 ≤ k ≤ 33 
-24 ≤ l ≤ 24 
-38 ≤ h ≤ 40 
-23 ≤ k ≤ 23 
-37 ≤ l ≤ 35 
-22 ≤ h ≤ 22 
-22 ≤ k ≤ 23 
-23 ≤ l ≤ 23 
Reflections 
collected 
63582 152345 102327 
Independent 
reflections 
7284 
Rint = 0.0213 
Rsigma = 0.0190 
17380 
Rint = 0.0297 
Rsigma = 0.0234 
6217 
Rint = 0.0289 
Rsigma = 0.0117 
Data/restraints 
/parameters 
7284/0/284 17380/426/782 6217/0/267 
Goodness-of-fit 
on F2 
1.041 1.016 1.077 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0222 
wR2 = 0.0597 
R1 = 0.0380 
wR2 = 0.0945 
R1 = 0.0386 
wR2 = 0.0793 
Final R indexes 
[all data] 
R1 = 0.0239 
wR2 = 0.0604 
R1 = 0.0591 
wR2 = 0.1057 
R1 = 0.0503 
wR2 = 0.0892 
Largest diff. 
peak/hole (e·Å−3) 
0.25/-0.41 0.70/-0.39 0.80/-0.42 
Flack parameter 0.002(2) n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
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(81)  Aktaş, H.; Slootweg, J. C.; Lammertsma, K. Angew. Chem. Int. Ed. 2010, 49, 2102–
2113. 
(82)  Weber, L.; Lassahn, U.; Stammler, H.-G.; Neumann, B. Eur. J. Inorg. Chem. 2005, 
4590–4597. 
(83)  Ehlers, A. W.; Baerends, E. J.; Lammertsma, K. J. Am. Chem. Soc. 2002, 124, 2831–
2838. 
(84)  Grim, S. O.; Wheatland, D. A.; McFarlane, W. J. Am. Chem. Soc. 1967, 89, 5573–
5577. 
(85)  Udovich, C. A.; Clark, R. J.; Haas, H. Inorg. Chem. 1969, 8, 1066–1072. 
(86)  Rossi, A. R.; Hoffmann, R. Inorg. Chem. 1975, 14, 365–374. 
(87)  Bauer, D. P.; Ruff, J. K. Inorg. Chem. 1983, 22, 1686–1689. 
(88)  Chen, Y.; Hartmann, M.; Frenking, G. Z. Anorg. Allg. Chem. 2001, 627, 985–998. 
(89)  Cowley, A. H.; Kemp, R. A.; Ebsworth, E. A. V.; Rankin, D. W. H.; Walkinshaw, M. 
D. J. Organomet. Chem. 1984, 265, 19–21. 
(90)  Bockfeld, D.; Doddi, A.; Jones, P. G.; Tamm, M. Eur. J. Inorg. Chem. 2016, 3704–
3713. 
(91)  Plastas, H. J.; Stewart, J. M.; Grim, S. O. Inorg. Chem. 1973, 12, 265–272. 
(92)  Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160–3166. 
CHAPTER 6: 
Assessing the Ligand Properties of NHC-Stabilized Phosphorus(I) Cations 
 181 References begin on page 176 
(93)  Ehlers, A. W.; Dapprich, S.; Vyboishchikov, S. F.; Frenking, G. Organometallics 
1996, 15, 105–117. 
(94)  Cotton, F. A.; Kraihanzel, C. S. J. Am. Chem. Soc. 1962, 84, 4432–4438. 
(95)  Orgel, L. E. Inorg. Chem. 1962, 1, 25–29. 
(96)  Kraihanzel, C. S.; Cotton, F. A. Inorg. Chem. 1963, 2, 533–540. 
(97)  Schumann, H.; Rösch, L.; Kroth, H.-J.; Pickardt, J.; Neumann, H.; Neudert, B. Z. 
Anorg. Allg. Chem. 1977, 430, 51–60. 
(98)  Guns, M. F.; Claeys, E. G.; Van Der Kelen, G. P. J. Mol. Struct. 1979, 53, 45–53. 
(99)  Schumann, H.; Rösch, L.; Kroth, H.-J.; Neumann, H.; Neudert, B. Chem. Ber. 1975, 
108, 2487–2499. 
(100)  Mitchener, J. C.; Wrighton, M. S. J. Am. Chem. Soc. 1983, 105, 1065–1067. 
(101)  Iggo, J. A.; Mays, M. J.; Raithby, P. R.; Henrick, K. J. Chem. Soc., Dalton Trans. 1984, 
633–641. 
(102)  Graham, T. W.; Udachin, K. A.; Carty, A. J. Chem. Commun. 2006, 2699–2701. 
(103)  Johansson, M. H.; Otto, S. Acta Crystallogr. C 2000, 56, e12–e15. 
(104)  Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 
Organometallics 1996, 15, 1518–1520. 
(105)  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; 
Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Montgomery, J., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. 
J.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, 
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. 
W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; 
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. 
V.; Cioslowski, J.; Fox, D. J. Gaussian 09; Gaussian, Inc.: Wallingford CT, 2009. 
(106)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77, 3865–3868. 
(107)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1997, 78, 1396. 
(108)  Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158–6170. 
CHAPTER 6: 
Assessing the Ligand Properties of NHC-Stabilized Phosphorus(I) Cations 
 182 References begin on page 176 
(109)  Schafer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97, 2571–2577. 
(110)  Schafer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100, 5829–5835. 
(111)  Dolg, M.; Stoll, H.; Savin, A.; Preuss, H. Theor. Chim. Acta 1989, 75, 173–194. 
(112)  Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. J. Chem. Phys. 1987, 86, 866–872. 
(113)  Gaussview 3.0; Gaussian Inc: Pittsburgh, 2003. 
(114)  Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88, 899–926. 
(115)  Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; Bohmann, J. A.; 
Morales, C. M.; Landis, C. R.; Weinhold, F. NBO 6.0; Theoretical Chemistry 
Institute, University of Wisconsin: Madison, WI, 2013. 
(116)  Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph. 1996, 14, 33–38. 
(117)  SCM, Theoretical Chemistry; Vrije University: Amsterdam, The Netherlands, 
2016. 
(118)  te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonseca Guerra, C.; van 
Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T. J. Comput. Chem. 2001, 22, 931–967. 
(119)  Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, E. J. Theor. Chem. Acc. 
1998, 99, 391–403. 
(120)  Grimme, S.; Ehrlich, S.; Goerigk, L. J. Comput. Chem. 2011, 32, 1456–1465. 
(121)  Zhang, Y.; Yang, W. Phys. Rev. Lett. 1998, 80, 890–890. 
(122)  APEX II; Bruker AXS Inc.: Madison, WI, 2012. 
(123)  SADABS; Bruker AXS Inc.: Madison, WI, 2008. 
(124)  Sheldrick, G. M. Acta Crystallogr. A 2008, 64, 112–122. 
(125)  Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837–838. 
(126)  Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. 
Appl. Crystallogr. 2009, 42, 339–341. 
(127)  Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7–13. 
(128)  Kratzert, D.; Holstein, J. J.; Krossing, I. J. Appl. Crystallogr. 2015, 48, 933–938. 
(129)  Hübschle, C. B.; Sheldrick, G. M.; Dittrich, B. J. Appl. Crystallogr. 2011, 44, 1281–
1284. 
  183 References begin on page 200 
CHAPTER 7: 
Synthesis of Heavy Dicyanamide Homologues from 
Air-Stable Precursors 
7.1  Introduction 
Ever since the preparation of sodium dicyanamide [Na][N(CN)2] by Madelung 
and Kern in 1922,1 the [N(CN)2]− anion has seen widespread application in 
fundamental and industrial endeavours alike (Scheme 7-1). Many [N(CN)2]−-based 
ionic liquids are commercially available for energy storage applications and are 
prized for their low viscosity and high conductivity.2–6 Transition-metal- and rare-
earth element-[N(CN)2]− complexes exhibit remarkable luminescent and magnetic 
properties thanks to the pseudohalide’s small size and high degree of conjugation.7–
19 [N(CN)2]− has even been suspected of playing a role in primordial biogenesis due 
to its propensity to promote peptide synthesis under conditions similar to those of 
primitive Earth.20–23  
 
Scheme 7-1: Synthesis of [Na][N(CN)2] and [K][P(CN)2]. 
As with many nitrogen compounds of fundamental and historical 
importance,24–26 interest in heavier [N(CN)2]− homologues has been conveyed on 
many counts due to the property differences that the heavier pnictogens might impart 
on these materials. For example, Manson asserted that “metal ion complexes with 
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dicyanophosphide would be of great interest with respect to their differences in 
magnetic coupling”.7,12 Unfortunately, the reagents required for such undertakings 
remain elusive. 
Surprisingly, and in stark contrast to its lighter homologue, very little 
chemistry involving the dicyanophosphide anion [P(CN)2]− has been pursued in the 
forty years since its initial isolation.27 Schmidpeter published preparative routes to 
[P(CN)2]− salts involving either the reduction of tricyanophosphine (P(CN)3)28 or 
(“more conveniently”) through the nucleophilic disproportionation of white 
phosphorus (P4) by cyanide in refluxing MeCN (Scheme 7-1).29,30 Both cases require 
toxic and pyrophoric starting materials that are volatile, posing a significant exposure 
risk. In the latter case, a large excess (4 equivalents) of P4 is required to precipitate 
all undesired polyphosphide byproducts. This renders the synthesis very P-atom 
inefficient. It is likely that the chemistry of [P(CN)2]− has been hindered by lack of a 
convenient preparative route. The dicyanoarsenide anion [As(CN)2]− has also eluded 
isolation for similar potential reasons. To our knowledge, the only mention of 
[As(CN)2]− has been as a short-lived intermediate in the formation of the cyanide 
substituted arsazolide [AsC4N4]−.31 
7.2  Results and Discussion 
7.2.1  Synthesis and Characterization of [PPh4][P(CN)2] 
Schmidpeter had observed early on that cyanide ions displace 1,2-
bis(diphenylphosphino)ethane (dppe) from a triphosphenium cation to form 
[P(CN)2]− anions in solution using 31P NMR spectroscopy.32 Indeed, nucleophilic 
substitution of the phosphine ligands from triphosphenium cations has been used by 
our group as a conceptually simple and practical method for the generation 
new/useful univalent phosphorus-containing molecules and oligomers.33–38 Using 
these results as a basis, reactions between [Pdppe][Br] and commercial cyanide 
sources like [K][CN], [Na][CN], and [NnBu4][CN] were conducted as a possible route 
to synthesizing and isolating [P(CN)2]− salts. While in all cases the generation of 
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[P(CN)2]− was confirmed by its distinctive singlet in the 31P NMR spectrum (ca. −190 
ppm), full conversion of the starting materials was rarely observed, regardless of 
varied stoichiometry, solvents used, or the presence of solubilizing agents (like 
[18]crown-6). In our hands, no analytically pure materials could be isolated reliably 
from these reactions. 
An excellent ion match was eventually found in the tetraphenylphosphonium 
/ tetraphenylborate ion pairing. The room temperature addition of [Pdppe][BPh4] in 
MeCN to two equivalents of [PPh4][CN] in MeCN resulted in the immediate 
precipitation of [PPh4][BPh4]. This was filtered off to yield a mixture of 
[PPh4][P(CN)2] and dppe in solution, conclusively identified by 31P NMR 
spectroscopy (Scheme 7-2). These two compounds were then separated by the 
concentration of the solution, followed by the addition of Et2O to precipitate the target 
product, [PPh4][P(CN)2]. The microcrystalline material was collected by filtration, 
washed, and dried to give an analytically pure white solid in excellent yields. In most 
cases, the separated dppe byproduct may be recycled for later use (for example in the 
preparation of [Pdppe]+), simply by evaporating all solids from the Et2O filtrate under 
reduced pressure. 
 
Scheme 7-2: Synthesis of [PPh4][P(CN)2]. 
The spectroscopic properties of [PPh4][P(CN)2] agree well with earlier 
reports of sodium- and potassium-crown ether [P(CN)2]− salts.30 A singlet at −192.7 
ppm in the 31P{1H} NMR spectrum and a doublet centred at 132.2 ppm in the 13C{1H} 
NMR spectrum (|1JCP| = 106 Hz) corresponding to the [P(CN)2]− anion are apparent. 
Alongside are the typical signals expected for the [PPh4]+ cation. The FT-IR spectrum 
of the isolated solid features two bands in the CN region at 2088 cm−1 and 2111 cm−1. 
These correspond to the CN asymmetric (B2) and symmetric (A1) stretching modes, 
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respectively. While the dry material can be handled for short periods in air, solutions 
left in air decompose slowly overnight. 
Crystals of [PPh4][P(CN)2] suitable for single crystal X-ray diffraction 
(SCXRD) were obtained by the slow evaporation of an MeCN solution, but the crystals 
were always found to be twinned. One suitable dataset was solved as a four-
component twin in the space group P1 with three crystallographically independent 
formula units in the unit cell (for data reduction notes, see F.4). The packing structure 
is shown in Figure 7-1 alongside the structure of one of the [P(CN)2]− anions. 
 
Figure 7-1: Thermal ellipsoid plots (50% probability surface) of [PPh4][P(CN)2], one of the 
three crystallographically unique anions (left), and the packing structure (right). Hydrogen 
atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): P1−C1, 1.767(6); 
P1−C2, 1.801(6); C1−N1, 1.125(8); C2−N2, 1.108(8), C1−P1−C2, 93.6(3); P−C1−N1, 170.4(6); 
P1−C2−N2, 173.5(6). 
Compared to the previously reported sodium- and potassium-[18]crown-6 
salts of [P(CN)2]−, the P−C bond lengths of the anions found in [PPh4][P(CN)2] are 
slightly longer (ranging from 1.802(10) Å to 1.755(6) Å), while the C−P−C angles 
(92.7(3)° on average) are slightly smaller.27,30 These changes are likely attributable 
to the absence of alkali metal cations to which the nitriles of [P(CN)2]− are coordinated 
in the former salts. The absence of such contacts is also the likely cause of the slightly 
shorter C−N bonds found in [PPh4][P(CN)2] (ranging from 1.203(13) to 1.108(8) Å). 
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Gas phase geometry optimizations performed at the M06-2X/cc-pVQZ level of theory 
are consistent with this hypothesis in that the optimized metrical parameters of the 
anion closely match those found in [PPh4][P(CN)2] (see F.2). 
7.2.2  Synthesis and Characterization of [Asdppe][BPh4] 
With this synthetic strategy, the even heavier homologue, [As(CN)2]− was 
targeted. As is often the case within group 15, triphosphenium chemistry is 
significantly more well-developed than that of their 2-arsa analogues, and potential 
synthetic precursors were scarce.39,40 There are very few 2-arsenido-1,3-
diphosphonium salts reported, and those that have been isolated are usually paired 
with highly reactive anions that would complicate their synthetic utility.41–47 One 
suitable candidate for As+ transfer, [As{P(NMe2)3}2][BPh4], was exploited by Driess in 
the preparation of the remarkable square planar arsonium cation [As(Zr{H}Cp2)4]+.48 
Unexpectedly, this reagent was found to act as a simultaneous source of P+, whereby 
both pnictonium salts cocrystallized on workup. It was reasoned that the potential 
problem of simultaneous P+ transfer might be resolved by forgoing the amido-
phosphines in favour of dppe. The [Asdppe]+ ion has been isolated on many occasions 
but is always accompanied by reactive anions that would complicate further 
reactivity. 
Using Driess’ approach as a template, the one-pot reaction of 2 equivalents of 
dppe in the presence of [Na][BPh4] with AsCl3 generated [Asdppe][BPh4] (Scheme 
7-3). After workup, the material was isolated as a pale-yellow microcrystalline solid. 
31P{1H} NMR spectroscopy of the material reveals a single peak at 63 ppm, consistent 
with other 2-arsenido-1,3-diphosphonium ions.41–47 The 1H NMR spectrum exhibits a 
characteristic second-order (A2A'2XX') multiplet at 3.2 ppm corresponding to the 
ethylene protons of dppe. Remarkably, and unlike most phosphine-stabilized 
arsenic(I) salts, [Asdppe][BPh4] seems to be stable at room temperature indefinitely. 
When a CD3CN solution of the material was placed in air for four days, no 
decomposition was detected by eye or by 1H NMR or 31P NMR spectroscopy. 
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Scheme 7-3: Synthesis of [Asdppe][BPh4]. 
Single crystals of [Asdppe][BPh4] and [Asdppe][BPh4]·2MeCN suitable for 
SCXRD were obtained over the course of the synthetic trials. The unsolvated salt is 
isomorphous with its phosphorus homologue,49 crystallizing in the space group 
P21/n, while the di-MeCN solvate crystallizes in P-1. The metrical parameters of the 
cations in both structures (Figure 7-2) are very similar to those reported for other 
salts of [Asdppe]+.44,46,47 Single crystals of the reduction byproduct 
[dppeCl][BPh4]·DCM were also isolated during the synthetic trials, and its structure 
is depicted in Figure 7-2. 
 
Figure 7-2: Thermal ellipsoid plots (50% probability surface) of [dppeCl][BPh4]·DCM (top), 
[Asdppe][BPh4]·2MeCN (bottom left), and [Asdppe][BPh4] (bottom right). Anions, solvent 
molecules, and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles 
(°) for [dppeCl][BPh4]·DCM: P1−Cl1, 1.9890(16); P1−C1, 1.791(4); P2−C2, 1.840(4). 
[Asdppe][BPh4]·2MeCN: As1−P1, 2.2458(8); As1−P2, 2.2583(8); P1−As1−P2, 85.93(3). 
[Asdppe][BPh4]: As1−P1, 2.2568(5); As1−P2, 2.2494(5); P1−As1−P2, 83.373(19). 
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7.2.3  Synthesis and Characterization of [PPh4][As(CN)2] 
With the new As+ transfer reagent in hand, its reaction with two equivalents 
of [PPh4][CN] in THF at room temperature resulted in the precipitation of an off-white 
solid (Scheme 7-4). Filtration, followed by addition of Et2O to the filtrate, precipitated 
an off-white powder whose multinuclear NMR spectra were consistent with what 
would be expected for [PPh4][As(CN)2]. Most notably, the 13C NMR spectrum of the 
material differed from that of [PPh4][P(CN)2] in that the doublet corresponding to 
the cyanido carbon atoms was replaced by a singlet at 126 ppm. No formation of 
[P(CN)2]− was detected by 31P NMR spectroscopy, confirming that [Asdppe][BPh4] 
does not act as a simultaneous source of P+ in this instance. The FT-IR spectrum of the 
isolated solids is nearly identical to that of [PPh4][P(CN)2]. However, the bands 
corresponding to the asymmetric (B2) and symmetric (A1) vibrational modes of the 
nitrile groups are bathochromically shifted and appear at 2087 cm−1 and 2102 cm−1, 
respectively. As with [PPh4][P(CN)2], solutions of [PPh4][As(CN)2] left in air 
decompose slowly over time. 
 
Scheme 7-4: Synthesis of [PPh4][As(CN)2]. 
[PPh4][As(CN)2] crystallizes in the space group Pna21 upon slow evaporation 
of a THF solution. The cations and anions pack to form stacked columns that are 
apparent when viewed normal to the 001 plane (along the c-axis) (Figure 7-3). The 
only close contacts between the anion and the cation are from the CN groups to the 
phenyl protons. These contact distances are near the sums of the Van der Waals radii 
of both elements. The anion has As−C bond lengths of 1.912(2) Å and 1.910(2) Å, 
which are slightly smaller than the sum of the arsenic and carbon single bond covalent 
radii (1.96 Å).50 The C−N bond lengths are 1.150(3) Å and 1.146(3) Å. The C−As−C 
bond angle of 92.51(8)° is expectedly smaller than the C−Pn−C angles found for 
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[PPh4][N(CN)2] and [PPh4][P(CN)2] salts.51 The As−C−N angles (173.8(2)° and 
174.82(19)°) deviate slightly from linearity, as is also observed in [PPh4][N(CN)2] and 
[PPh4][P(CN)2]. 
 
Figure 7-3: Thermal ellipsoid plots (50% probability surface) of [PPh4][As(CN)2], the anion 
(left), the packing structure (right), and a view of a column of anions (bottom). Hydrogen 
atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): As1−C1, 1.910(2); 
As1−C2, 1.912(2); C1−N1, 1.146(3); C2−N2, 1.150(3); C1−As1−C2, 92.51(8); As−C1−N1, 
173.8(2); As1−C2−N2, 174.82(19). 
7.2.4  Computational Analysis of [Pn(CN)2]− 
To provide insight into how the heavy homologues might differ electronically 
from [N(CN)2]−, the geometries of [N(CN)2]−, [P(CN)2]−, and [As(CN)2]− model 
structures were optimized at the M06-2X/cc-pVQZ level of theory. The calculated 
metrical parameters agree very well with those determined crystallographically (and 
those from a previous computational study on the dicyanophosphide anion27), 
including the slight distortion of the Pn−C−N bond angles from linearity. Examination 
of the molecular orbital composition of each model shows that the highest occupied 
molecular orbital (HOMO) of all three anions is a non-bonding -MO of B1-symmetry 
with increasing contribution from the central Pn when descending the group (Figure 
7-4). The HOMO−1 is a -type MO with A1-symmetry. The HOMO−2 and HOMO−3 are 
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-MOs that are bonding with respect to the CN groups, with nodes at the pnictogen 
atoms. There is a trend of steady increase in the HOMO energy when replacing Pn 
from N to P to As. This is paired with an overall decrease in the HOMO-LUMO gap, 
suggesting that the heavier homologues should have increased polarizability 
(“softness”)52 and should be more likely to coordinate electrophiles via the central Pn 
atom. 
 
Figure 7-4: Selected occupied molecular orbitals of [Pn(CN)2]− (Pn = N, P, and As) computed 
at the M06-2X/cc-pVQZ/cc-pVQZ-PP level of theory. 
Natural bond orbital (NBO) analysis of the optimized models assigns two lone 
pairs on each of the central atoms, one of which has increasing s-character when 
going from N (32.1%) to P (69.5%) to As (78.2%), and another with essentially all p-
character. Second-order perturbation analysis of the Fock matrix in the NBO basis 
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shows that the -type lone pair is strongly delocalized into the CN antibonding 
orbitals of -symmetry. This interaction (referred to as negative hyperconjugation or 
-backbonding) becomes less energetically significant as the central Pn atom 
becomes heavier (LP2→p*CN (kcal·mol−1) = 89, 45 and 33 for [N(CN)2]−, [P(CN)2]− and 
[As(CN)2]−, respectively). These results imply that replacement of the central 
nitrogen atom in [N(CN)2]− by one of the heavier pnictogens results in increased 
nucleophilicity of the central atom.  
Results of the natural resonance theory (NRT) analysis (Figure 7-5) are also 
consistent with this postulate: the resonance structures with the formal negative 
charge on the central pnictogen atom are much more heavily weighted in [P(CN)2]− 
and [As(CN)2]− than in [N(CN)2]−. From these results, it seems that [P(CN)2]− and 
[As(CN)2]− anions will be more likely to bind metal ions at the central atom. Along 
with the geometry differences between the [Pn(CN)2]− ions (particularly the C−Pn−C 
angles), and the well-known ability of the heavier pnictides to bridge metal atoms, 
novel binding motifs can be expected for metal complexes of the heavier 
dicyanopnictides. There is a precedent for such differences in the few characterized 
[P(CN)2]−-metal complexes that have been reported.53 For example, while 
[Re(CO)5{N(CN)2}] features coordination from the [N(CN)2]− nitrile groups,54 the 
homologous [P(CN)2]− complex likely binds to rhenium through the central atom 
according to the significant deshielding of the 31P NMR chemical shift relative to 
[Na([18]crown-6)][P(CN)2].55 
 
Figure 7-5: NRT resonance weights for [Pn(CN)2]− (Pn = N, P, and As) computed at the M06-
2X/cc-pVQZ/cc-pVQZ-PP level of theory. 
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7.3  Conclusions 
In conclusion, a safer and more pnictogen-atom efficient synthetic protocol for 
the generation of [P(CN)2]− anions by P+ transfer from a triphosphenium salt, 
[Pdppe][BPh4], is reported. The remarkably stable As+ transfer salt [Asdppe][BPh4] 
– which is not hindered by reactive anions or simultaneous P+ transfer – was also 
prepared and used to isolate the [As(CN)2]− anion for the first time. As the long-
sought heavy homologues of dicyanamide, it is anticipated that these conveniently 
prepared reagents will find use in the design of new magnetic materials, ionic liquids, 
and luminescent coordination polymers, to name a few. The subtle differences in the 
geometries and electronic structures of these anions should result in homologous 
materials with different and potentially improved properties. 
7.4  Experimental 
7.4.1  General Remarks 
CAUTION!!! Cyanide salts and arsenic compounds are exceptionally toxic, 
even in small doses. Extreme care should be taken when handling the precursors and 
products of the described reactions.  
All manipulations were carried out using standard inert atmosphere 
techniques. All chemicals and reagents were purchased from Sigma Aldrich and used 
without further purification. CD3CN was dried and stored over molecular sieves 
under nitrogen. All other solvents were dried on a series of Grubbs’ type columns and 
were degassed prior to use.56 [Pdppe][BPh4]57,58 and [PPh4][CN]59 were synthesized 
according to literature methods. NMR spectra were recorded at room temperature on 
Bruker Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz, or Bruker Avance 
DPX 300 MHz spectrometers. Chemical shifts are reported in ppm relative to internal 
standards for 1H and 13C (the given deuterated solvent) and external standards for 
31P (85% H3PO4) and 11B (Et2O·BF3). Coupling constants |J| are given in Hz. Elemental 
analysis was performed at the University of Windsor Mass Spectrometry Service 
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Laboratory using a Perkin Elmer 2400 combustion CHN analyzer. HR-ESI-MS was 
performed at the McMaster Regional Centre for Mass Spectrometry. Infrared spectra 
were recorded using the neat solids on a Bruker ALPHA FT-IR spectrometer using a 
Platinum ATR sampling module. Stretching frequencies (ν) are reported in cm−1 and 
intensities are reported using the following abbreviations: vw = very weak, w = weak, 
m = medium, s = strong, vs = very strong. 
7.4.2  Synthetic Information 
[PPh4][P(CN)2]: A solution of [Pdppe][BPh4] (1.437 g, 1.919 mmol) 
in MeCN (ca. 20 mL) was added to a stirring solution of [PPh4][CN] 
(1.403 g, 3.839 mmol) in MeCN (ca. 20 mL). Precipitation of a white 
solid occurred immediately, and the reaction mixture was stirred 
overnight. After filtering off the white solid, the filtrate was concentrated under 
reduced pressure to a quarter of its volume (ca. 10 mL). Et2O (40 mL) was then added 
while stirring, which induced precipitation of a white microcrystalline solid. The solid 
was collected by filtration, washed with Et2O (3 x 5 mL), and then dried under 
reduced pressure. Yield: 77% (0.625 g, 1.48 mmol). 31P{1H} NMR (CD3CN, 121.5 
MHz) δ: −192.7 (s, P(CN)2), 24.1 (s, PPh4). 13C{1H} NMR (CD3CN, 75.5 MHz) δ: 119.38 
(apparent s but should be d, one of the doublet signals is hidden by the CD3CN signal, 
PPh4),60 131.3 (d, JCP = 13, PPh4), 132.2 (d, 1JCP = 106, P(CN)2), 135.6 (d, JCP = 10, PPh4), 
136.3 (d, JCP = 3, PPh4). 1H NMR (CD3CN, 300.1 MHz) δ: 7.73 (m, 16H, PPh4), 7.92 (m, 
4H, PPh4). FT-IR (ATR) νCN: 2111 (m), 2089 (s). Elemental Analysis: calculated for 
C26H20N2P2: C, 73.93; H, 4.77; N, 6.63, found: C, 74.10; H, 4.41; N, 6.51. HR-ESI-MS: 
calculated for [C2N2P]− m/z = 82.9805, found: 82.9806. 
[Asdppe][BPh4]: AsCl3 (0.096 mL, 1.1 mmol) was added dropwise 
to a stirring mixture of dppe (0.913 g, 2.29 mmol) and [Na][BPh4] 
(0.784 g, 2.29 mmol) in MeCN (4 mL), which immediately turned 
pale-yellow/green, and the mixture was stirred overnight. The 
mixture was centrifuged, and the supernatant was decanted from the pellet. Et2O (10 
mL) was added to the supernatant, and the mixture was placed into a freezer at −35 
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°C. After four days yellow crystals of [Asdppe][BPh4]·2MeCN had formed. These were 
separated from the mother liquor and dried under reduced pressure. Isolated yield 
of [Asdppe][BPh4]·2MeCN: 11% (0.109 g, 0.125 mmol). DCM (5 mL) was added to 
the original pellet and the mixture was sonicated thoroughly and then centrifuged to 
yield a bright-yellow supernatant with a small amount of white solid. The supernatant 
was decanted from the pellet and Et2O was added dropwise to the stirring 
supernatant, which induced precipitation of a pale-yellow, microcrystalline solid that 
was isolated by filtration, washed with Et2O (2 x 2 mL), and dried under reduced 
pressure. Isolated yield of [Asdppe][BPh4]: 41% (0.354 g, 0.447 mmol). 31P{1H} 
NMR (CD3CN, 121.5 MHz) δ: 63.0 (s). 13C{1H} NMR (CD3CN, 75.5 MHz) δ: 30.4 (dd, 
1JCP = 37, 2JCP = 6, CH2), 122.8 (s, BPh4), 126.6 (q, JCB = 3, BPh4), 127.6 (d, 1JCP = 42, 
PPh2), 130.5 (d, JCP = 13, PPh2), 133.7 (d, JCP = 11, PPh2), 134.3 (s, PPh2), 136.7 (s, 
BPh4), 164.7 (q, 1JCB = 49, BPh4). 11B NMR (CD3CN, 96.3 MHz) δ: −5.1 (s, BPh4). 1H 
NMR (CD3CN, 300.1 MHz) δ: 3.19 (m, 4H, CH2), 6.83 (m, 4H, BPh4), 6.98 (m, 8H, 
BPh4), 7.27 (m, 8H, BPh4), 7.60 (m, 8H, PPh2), 7.68 (m, 4H, PPh2), 7.81 (m, 8H, PPh2). 
Elemental Analysis: calculated for C50H44P2As: C, 75.77; H, 5.6; N, 0, found: C, 75.26; 
H, 4.96; N, 0.03. HR-ESI-MS: calculated for [C26H24P2As]+ m/z = 473.0569, found: 
473.0573. 
[PPh4][As(CN)2]: A solution of [Asdppe][BPh4] (0.168 g, 0.212 
mmol) in THF (ca. 2 mL) was slowly added to a stirring solution of 
[PPh4][CN] (0.179 g, 0.489 mmol) in THF (ca. 1 mL), and the reaction 
mixture was stirred for three hours. The mixture was filtered, and 
to the stirring filtrate was added Et2O (4 mL) dropwise, which induced precipitation 
of a slightly off-white solid. The solid was collected by filtration, washed with Et2O (3 
x 1 mL), and then dried under reduced pressure. Yield: 66% (0.052 g, 0.11 mmol). 
31P{1H} NMR (CD3CN, 202.5 MHz) δ: 24.3 (s). 13C{1H} NMR (CD3CN, 125.8 MHz) δ: 
118.9 (d, 1JCP = 90, PPh4), 125.6 (s, As(CN)2), 131.1 (d, JCP = 13, PPh4), 135.7 (d, JCP = 
10, PPh4), 136.4 (d, JCP = 3, PPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 7.67−7.77 (m, 16H, 
PPh4), 7.92 (m, 4H, PPh4). FT-IR (ATR) νCN: 2102 (m), 2087 (s). Elemental Analysis: 
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calculated for C26H20N2PAs: C, 66.39; H, 5.14; N, 5.96, found: C, 67.33; H, 4.46; N, 5.64. 
HR-ESI-MS: the molecular ion peak was not observed. 
7.4.3  Computational Details 
Calculations were performed with the Gaussian 09 suite of programs61 using 
Compute Canada's Shared Hierarchical Academic Research Computing Network 
(SHARCNET). Model complexes were fully optimized with no symmetry constraints 
using the M06-2X density functional method,62 in conjunction with the cc-pVQZ basis 
sets.63,64 The cc-pVQZ-PP basis set employing a relativistic small-core 
pseudopotential was used for arsenic.65 Geometry optimizations were started using 
models in which the relevant non-hydrogen atoms were placed in positions found 
experimentally by X-ray crystallography using Gaussview.66 Frequency calculations 
were also performed at the same level of theory in order to confirm that the optimized 
structures were minima on the potential energy hypersurface and to determine 
thermochemical and vibrational information. NBO analyses67 to determine orbital 
contributions, Wiberg Bond Indices, and orbital energies were obtained using the 
routine included in the Gaussian distributions.68 Resonance weights were calculated 
using NRT.69–71 Visualizations of the Kohn-Sham orbitals and optimized geometries 
were made using Visual Molecular Dynamics (VMD).72 Summaries of the calculated 
results, including cartesian coordinates, are presented in Appendix F: 
Supplementary Information for Chapter 7. 
7.4.4  X-ray Crystallography 
Crystals for investigation were covered in Paratone®, mounted onto a 
goniometer head, and then rapidly cooled under a stream of cold N2 of the low-
temperature apparatus (Oxford Cryostream) attached to the diffractometer. The data 
were then collected using the APEX3 software suite73 on a Bruker Photon 100 CMOS 
diffractometer using a graphite monochromator with MoKα (λ = 0.71073 Å) or CuKα 
(λ = 1.54178 Å) radiation. For each sample, data were collected at low temperature. 
APEX3 software was used for data reductions and SADABS74 was used for absorption 
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corrections (multi-scan; semi-empirical from equivalents). XPREP was used to 
determine the space group and the structures were solved and refined using the 
SHELX75 software suite as implemented in the WinGX76 or OLEX277 program suites. 
Validation of the structures was conducted using PLATON.78  
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Crystal Structure 
[PPh4] 
[P(CN)2] 
[dppeCl] 
[BPh4]·DCM 
[Asdppe] 
[BPh4]·2MeCN 
CCDC 1834891 1834893 1834892 
Empirical 
formula 
C26H20N2P2 C51H46BCl3P2 C54H50AsBN2P2 
Formula weight 422.38 837.98 874.63 
Temperature (K) 170.0 170.0 170.0 
Crystal system triclinic orthorhombic triclinic 
Space group P1 P212121 P-1 
a (Å) 9.1400(3) 14.8415(11) 9.5080(7) 
b (Å) 9.8302(3) 16.0557(12) 16.4658(13) 
c (Å) 19.1841(6) 18.3799(13) 16.6391(13) 
α (°) 86.8800(10) 90 117.157(2) 
β (°) 80.5930(10) 90 96.653(2) 
γ (°) 80.5580(10) 90 94.717(2) 
Volume (Å3) 1676.76(9) 4379.8(6) 2275.1(3) 
Z 3 4 2 
ρcalc (g·cm−3) 1.255 1.271 1.277 
μ (mm−1) 1.871 0.317 0.856 
F(000) 660.0 1752.0 912.0 
Crystal size 
(mm3) 
0.260 × 0.190 × 0.070 0.238 × 0.135 × 0.038 0.287 × 0.093 × 0.040 
Radiation 
CuKα 
(λ = 1.54178) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
4.67 to 144.796 5.77 to 50.918 5.544 to 50.842 
Index ranges 
-11 ≤ h ≤ 11 
-12 ≤ k ≤ 12 
-23 ≤ l ≤ 23 
-17 ≤ h ≤ 17 
-19 ≤ k ≤ 19 
-22 ≤ l ≤ 22 
-11 ≤ h ≤ 11 
-19 ≤ k ≤ 19 
-20 ≤ l ≤ 20 
Reflections 
collected 
39385 41865 98974 
Independent 
reflections 
39385 
Rint = twinned 
Rsigma = 0.0530 
8099 
Rint = 0.1016 
Rsigma = 0.0722 
8354 
Rint = 0.1047 
Rsigma = 0.0444 
Data/restraints 
/parameters 
39385/3/814 8099/9/533 8354/0/543 
Goodness-of-fit 
on F2 
1.028 1.017 1.083 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0521 
wR2 = 0.1366 
R1 = 0.0454 
wR2 = 0.0824 
R1 = 0.0422 
wR2 = 0.0748 
Final R indexes 
[all data] 
R1 = 0.0578 
wR2 = 0.1422 
R1 = 0.0806 
wR2 = 0.0939 
R1 = 0.0771 
wR2 = 0.0864 
Largest diff. 
peak/hole (e·Å−3) 
0.97/-0.57 0.26/-0.35 0.35/-0.42 
Flack parameter 0.229(5) -0.01(4) n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
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Table 7-1: Crystal data and structure refinement. 
Crystal Structure 
[Asdppe] 
[BPh4] 
[PPh4] 
[As(CN)2] 
CCDC 1834894 1834895 
Empirical 
formula 
C50H44AsBP2 C26H20AsN2P 
Formula weight 792.52 466.33 
Temperature (K) 170.0 170.0 
Crystal system monoclinic orthorhombic 
Space group P21/n Pna21 
a (Å) 11.9456(4) 16.1308(10) 
b (Å) 17.6035(7) 12.7797(8) 
c (Å) 19.6753(7) 10.6641(6) 
α (°) 90 90 
β (°) 100.2340(10) 90 
γ (°) 90 90 
Volume (Å3) 4071.6(3) 2198.4(2) 
Z 4 4 
ρcalc (g·cm−3) 1.293 1.409 
μ (mm−1) 0.948 1.634 
F(000) 1648.0 952.0 
Crystal size 
(mm3) 
0.212 × 0.212 × 0.070 0.420 × 0.210 × 0.205 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.782 to 54.294 5.974 to 69.936 
Index ranges 
-14 ≤ h ≤ 15 
-22 ≤ k ≤ 22 
-25 ≤ l ≤ 25 
-25 ≤ h ≤ 26 
-20 ≤ k ≤ 20 
-17 ≤ l ≤ 17 
Reflections 
collected 
90128 182167 
Independent 
reflections 
9006 
Rint = 0.0544 
Rsigma = 0.0257 
9578 
Rint = 0.0405 
Rsigma = 0.0259 
Data/restraints 
/parameters 
9006/0/487 9578/1/271 
Goodness-of-fit 
on F2 
1.044 1.046 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0344 
wR2 = 0.0752 
R1 = 0.0299 
wR2 = 0.0647 
Final R indexes 
[all data] 
R1 = 0.0514 
wR2 = 0.0824 
R1 = 0.0483 
wR2 = 0.0707 
Largest diff. 
peak/hole (e·Å−3) 
0.51/-0.40 0.29/-0.69 
Flack parameter n/a 0.000(3) 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
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2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
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CHAPTER 8: 
Summary, Future Directions and Initial Results 
8.1  Dissertation Overview 
As the very first examples of stable molecules containing a phosphorus atom 
in low-coordination numbers, phosphamethine cyanines were landmark molecules 
in the field of main group chemistry.1 Despite this historical importance, during the 
fifty years preceding the work of this dissertation there was a dearth of investigations 
into their basic chemistry, likely due to the difficulties associated with their 
syntheses. Using our group’s reliable P+ transfer synthetic protocol, we have 
successfully prepared and fully characterized 21 new phosphamethine cyanine salts, 
reported throughout Chapters 2, 3, 4, and 5. The viabilities of several classes of N-
heterocyclic carbenes (NHCs) were assessed (Figure 8-1). The results suggest that 
our approach is applicable with most classes of carbenes, but limitations exist in cases 
where the electron-rich olefin form (dimer) is highly favoured in solution (like with 
RTZB) and in cases where steric repulsion prevents the formation of homoleptic PI 
complexes (like with IDipp and SIMes). In the latter case, heteroleptic derivatives are 
still accessible using a second, smaller NHC. 
 
Figure 8-1: Structural depictions of the various NHCs used throughout this dissertation. 
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With these new species in hand, we have been able to draw conclusions 
regarding the factors that affect their bonding situation (Figure 8-2). The electronic 
situation at phosphorus lies between PIII and PI canonical extremes. The position of 
any given molecule on this continuum is influenced primarily by two properties of 
the coordinating carbenes. The first is related to electronic effects: more π-accepting 
carbenes increase negative hyperconjugation of the π-type lone pair on phosphorus 
and result in more planar cations whose PIII form is favoured. The second is related 
to steric effects: carbenes with large steric requirements preclude planarization of 
the cation. The resultant twisting of the NHCs from the CPC plane hinders negative 
hyperconjugation of the π-type lone pair on phosphorus, thus favouring the PI form. 
Linking the carbenes by a methylene group restricts twisting of the heterocycles and 
improves delocalization across the molecule, but these cations remain reluctant to 
planarize and adopt butterfly conformations. 
 
Figure 8-2: Factors affecting the position of phosphamethine cyanines on the PIII↔PI 
continuum of canonical extremes. 
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From these studies, valuable knowledge was gained regarding the stability of 
these cations. Linking the two carbene fragments by an alkyl bridge, using 
benzannulated NHCs, and using large N-alkyl groups, all help improve the stability of 
the cations. These conclusions are epitomized by the increased stability of 
[P(RbNHC)]+ towards air and moisture and by the cation [P(iPrNHCB)2]+ that is stable 
in wet solutions under air. These findings may finally allow widespread development 
of these dyes for applications mirroring those of methine cyanines. Given the 
potential for reactivity at the centre of the chromophore and the useful 31P NMR 
handle, these dyes have great potential. 
 
Scheme 8-1: Reactivity profile of NHC-stabilized PI cations assessed in this dissertation. 
Reactions with electrophiles like H+ and Me+, oxidants like sulfur, and 
transition metal chlorides and carbonyls have all yielded new compounds that have 
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been fully characterized (Scheme 8-1). The work in Chapter 6 revealed that these 
compounds are moderate σ-donors with some π-accepting ability, filling a gap 
between traditional phosphines and amines in terms of ligand properties. The 
versatility in coordination modes available to this new class of ligand increases its 
potential even further. 
Finally, in Chapter 7 a new As+ transfer reagent [Asdppe][BPh4] (dppe = 1,2-
bis(diphenylphosphino)ethane) was developed. Like its phosphorus homologue, this 
reagent is a convenient precursor for low-coordinate pnictogen chemistry. The 
preparation of dicyanopnictides salts using these reagents provides solid proof of 
concept. Given the diverse chemistry of dicyanamide, new opportunities exist for 
these reagents to be used in the preparation of many new magnetic materials, ionic 
liquids, and coordination polymers. Though some future work has been alluded to 
throughout the course of this dissertation, the initial results for those and other 
endeavours are outlined in the following sections. 
8.2  Heteroleptic PI Derivatives and Reactions with [PCO]− 
Over the last seven years, the chemistry of the 2-phosphaethynolate anion has 
become en vogue among synthetic chemists.2 Recently developed, stable [PCO]− salts 
pioneered by the groups of Goicoechea and Grützmacher have found their way into 
many research labs worldwide. Many collaborative publications that make use of this 
fascinating anion have emerged.3,4 Among its many applications, use as a P− transfer 
agent is especially pertinent to the work in this dissertation,5 which involves reagents 
that act as sources of P+. In collaboration with Grützmacher, we have begun 
investigations of the “comproportionation” reactions between [PCO]− and the various 
phosphorus(I) salts in our possession. The aspirations of these studies are to access 
unprecedented donor-stabilized P0 aggregates. 
Initial reaction attempts involved treatment of [Na][PCO]·dioxane with 
[Pdppe][X] salts (X = Br, OTf and BPh4) in THF. In all cases, the reactions were 
effervescent, exothermic and red insoluble material was rapidly precipitated 
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(Scheme 8-2). The only signal detectable in the 31P NMR spectrum of the reaction 
mixture was dppe (δP ca. −10 ppm), and thus it seems as though red phosphorus was 
the P0 product generated. Theorizing that NHCs might be better at stabilizing any P0 
fragments formed by the reaction, salts of [P(MeNHCMe)2][X] were used in place of 
[Pdppe][X]. To our dismay, no reactions were observed (under various conditions) 
and both the signals for [P(MeNHCMe)2]+ (δP ca. −110 ppm) and [PCO]− (δP ca. −390 
ppm) were detected by 31P NMR spectroscopy of the mixtures. 
 
Scheme 8-2: Reactions of [Pdppe][X] and [P(MeNHCMe)2][X] with [Na][PCO]·dioxane. 
It seems that a molecule with properties intermediate those of 
[P(MeNHCMe)2][X] and [Pdppe][X] is be required for these endeavours. One candidate 
exists, namely [P(MeNHC−C2H4−PPh2)][BPh4]. However, its treatment with one 
equivalent of [Na][PCO]·dioxane in THF also results in effervescent, exothermic 
reaction mixtures. 31P NMR spectra are consistent with the presence of 
[P(MeNHC−C2H4−PPh2)2]+ and [PCO]– (Scheme 8-3). These combined initial results 
suggest that a more well-tailored reagent is required for these endeavours. 
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Scheme 8-3: Reactions of [P(MeNHC−C2H4−PPh2)][BPh4] with [Na][PCO]·dioxane. 
 
Scheme 8-4: Prospective syntheses of derivatives stabilized by Rivard’s NHC. 
Formation of homoleptic NHC-bound species, which are unreactive to [PCO]−, 
should be avoided. Referring to the results from Chapter 5, homoleptic species can 
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be precluded using a more sterically encumbered NHC. Rivard’s trityl-substituted 
NHC is an excellent candidate towards these ends. Any P0 products formed in the 
reaction will also be afforded significant kinetic stabilization (Scheme 8-4).6,7 Cyclic 
(alkyl)(amino)carbenes (CAACs) are other good candidates for this chemistry.8 
Reactions of carbene/dppe adducts with [PCO]− should produce diphosphorus 
compounds with a labile CO. Thermolysis of photolysis should yield P0 aggregates 
capped by NHCs. Related avenues of study include synthesis of PMe3-substituted 
derivatives for “phospha-Wittig” chemistry and CO-substituted derivatives as 
analogues of “Bestmann’s ylide”.9 The latter and might also be of interest as an NHC-
adduct of [PCO]+. While it may seem unlikely that CO would displace dppe in these 
cases, steric repulsion from the adjacent NHC could provide enough driving force. 
8.3  Ligands for Organometallic Catalysis 
The work in this dissertation regarding the ligand ability of NHC-stabilized PI 
cations indicates that they may be suitable for use with many other transition metals. 
Their potential as supporting ligands in organometallic catalysis is tantalizing. During 
the course of our investigations, several unpublished complexes of [P(MeNHCMe)2]+ 
(called [L]+ for the remainder of this section) were crystallographically characterized. 
Unfortunately, the isolation of pure bulk materials was unsuccessful. For example, the 
synthesis of trans-[PtCl2L2][BPh4]2 reported in Chapter 6 was expedient: small 
quantities of single-crystalline [(PtCl2{μ-L})2][BPh4]2 were harvested prematurely 
during evaporation of the reaction mixture (Figure 8-3). 
In another example, attempts to prepare homoleptic nickel(II) complexes 
were always met with significant difficulty. Attempts to characterize the materials 
prepared by reactions of NiCl2 with [L][BPh4] using NMR spectroscopy were 
complicated by poor solubility, instability of the products to common solvents (like 
MeCN, DCM, CHCl3, etc.), and broad signals in 1H and 31P NMR spectra of THF 
solutions. In one instance, crystals of trans-[NiCl2L2][BPh4]2 were obtained by slow 
evaporation of a THF solution, but due diligence is required to fully characterize this 
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material. Even when using appropriate stoichiometries, none of the reactions yielded 
materials that were analytically pure by elemental analysis. 
 
Figure 8-3: Thermal ellipsoid plots (50% probability surface) of 
[(PtCl2{μ-L})2][BPh4]2·MeCN (left) and trans-[NiCl2L2][BPh4]2 (right). Anions, solvent 
molecules, and hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and angles 
(°) for [(PtCl2{μ-L})2][BPh4]2·MeCN: Pt1−P1, 2.2536(11); Pt1−P2, 2.2261(11); Pt2−P1, 
2.2299(11); Pt2−P2, 2.2601(12); Pt1−Cl, 2.3340(12); P2−C, 1.831(5); Pt2−P1−Pt1, 98.54(4); 
P2−Pt1−P1, 75.94(4). trans-[NiCl2L2][BPh4]2: Ni−P, 2.2249(8); Pt−Cl, 2.1991(8); P−C1, 
1.829(3); P−C2, 1.822(3); P−Ni−P', 180.00(4); Cl−Pt−Cl', 180.0; P−Pt−Cl, 93.83(3); P−Pt−Cl', 
86.17(3). 
Coordination complexes of [L]+ with copper(I) were also met with some 
synthetic challenges. Treatment of [L][BPh4] with one equivalent of CuCl resulted in 
a solution that featured a 31P NMR chemical shift around −110 ppm. While close to 
what would be expected for free [L]+, this signal was comparatively slightly broad. 
Over time, this solution deposited colourless crystals of [ClCu{μ-L}CuCl2]2, as 
determined by single crystal X-ray diffraction (SCXRD) analysis (Figure 8-4). 
Similarly, reactions of [L][BPh4] or [L][OTf] with CuOTf·4MeCN resulted in solutions 
featuring the same 31P NMR signal. Over time – and regardless of the stoichiometries 
used – these solutions deposited single crystals of the salt [CuL3][OTf]4. Though these 
initial results are promising, more experimentation is required in order to draw 
conclusions about the nature of these reactions and the products formed. 
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Figure 8-4: Thermal ellipsoid plots (50% probability surface) of [ClCu{μ-L}CuCl2]2 (left) and 
[CuL3][OTf]4·6THF·H2O (right). Anions, solvent molecules, and hydrogen atoms are omitted 
for clarity. Selected bond lengths (Å) and angles (°) for [ClCu{μ-L}CuCl2]2: P1−Cu1, 
2.1840(4); P1−Cu11, 2.2026(4); P2−Cu2, 2.1925(4); P2−Cu21, 2.2049(4); Cu1−Cl1, 
2.3660(4); Cu1−Cl2, 2.2576(4); Cu2−Cl1, 2.2350(4); Cu2−Cl2, 2.3975(4). 
[CuL3][OTf]4·6THF·H2O: Cu1−P1, 2.2794(8); Cu1−P2, 2.2437(8); Cu1−P3, 2.2848(8); 
P1−Cu1−P2, 127.25(3); P2−Cu1−P3, 127.52(3); P3−Cu1−P1, 104.80(3). 
Future work in this area should be aimed at using the complexes reported 
herein, along with any other complexes of [L]+, for applications in organometallic 
catalysis. In particular, the gold(I) complexes reported in Chapters 2 and 4 are the 
most promising. Abstraction of chloride from these complexes using silver salts 
should produce dicationic gold(I) compounds. Such species have been shown to act 
as excellent catalysts in the functionalization of alkynes, for example.10 This avenue 
of study is exciting and imminent. 
8.4  Arsenic(I) Compounds using [Asdppe][BPh4] 
The reagent [Asdppe][BPh4] has remarkable potential as a precursor for 
arsenic chemistry. We have begun initial synthetic experiments towards this end, 
beginning with As+ transfer to NHCs. The addition of free RNHCMe (R = Me or iPr) to 
pale yellow stirring solutions of [Asdppe][BPh4] in THF resulted in an immediate 
deepening of the solutions’ yellow colours (Scheme 8-5). By 31P NMR spectroscopy, 
the consumption of [Asdppe][BPh4] (δP ca. 63 ppm) and the formation of free dppe 
(δP ca. −11 ppm) was apparent, indicating that ligand exchange had likely occurred in 
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both cases. Dropwise addition of diethyl ether (Et2O) to the stirring mixtures resulted 
in the precipitation of yellow solids. Though they slowly decomposed at room 
temperature when dissolved, their 1H and 13C NMR spectra in CD3CN showed the 
typical signals expected for RNHCMe adducts. The chemical shifts of the carbenic 
carbon atoms (δC = 158.9 ppm for [As(MeNHCMe)]+ and 163.3 ppm for 
[As(iPrNHCMe)]+) are in the expected range for NHCs coordinated to arsenic.11,12 They 
are also similar to those of their respective phosphorus homologues.13 Indeed, 
elemental analysis confirmed analytical purity of these materials and electrospray 
ionization mass spectrometry identified the molecular ion peaks for the cations in 
both samples. 
 
Scheme 8-5: Synthesis of [As(RNHCMe)2][BPh4] (R = Me or iPr). 
Single crystals of [As(MeNHCMe)2][BPh4]·THF were obtained by storing a 
saturated THF solution at −35 °C overnight. The solvate crystallizes in P21/c with one 
formula unit within the asymmetric unit (Figure 8-5). The As-C bond lengths 
(1.9350(16) Å and 1.9346(16) Å) are only slightly shorter than the sum of the single 
bond covalent radii of arsenic and carbon (1.96 Å)14 which indicates only a small 
degree of double bond character. In agreement with this notion, the C-As-C angle 
(92.30(6)°) is very small and the NHC fragments are significantly twisted from the C-
As-C plane (46.4° and 49.5°). These parameters suggest that the AsI canonical 
structure is most significant to the overall bonding in [As(MeNHCMe)2]+, as is the case 
for the phosphorus homologues and as one might expect for the heavier p-block 
elements.15 
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Figure 8-5: Thermal ellipsoid plot (50% probability surface) of [As(MeNHCMe)2][BPh4]·THF. 
The anion, solvent molecule, and hydrogen atoms are omitted for clarity. Selected bond 
lengths (Å) and angles (°) for [As(MeNHCMe)2][BPh4]·THF: As1−C11, 1.9350(16); As1−C21, 
1.9346(16); C11−N12, 1.3487(19); C11−N15, 1.352(2); C21−N22, 1.349(2); C21−N25, 
1.350(2); C11−As1−C21, 92.30(6). 
Though Märkl had reported several arsamethine cyanine salts early on,16 
almost no subsequent work on these materials had ever been published. In 2018, 
Hudnall reported the first crystallographically characterized derivative – a CAAC 
functionalized arsamethine cyanine salt – and studied its redox chemistry.17 Using 
[Asdppe][BPh4], many of these derivatives should be accessible, as has been shown 
to be the case for phosphamethine cyanines from [Pdppe][X]. It is our hope that by 
substituting [Asdppe][BPh4] for [Pdppe][X] in its P+ transfer reactions, many new 
and exciting arsenic compounds might be accessible. These reactions might also 
unveil interesting differences in reactivity trends between phosphorus and arsenic. 
8.5  Experimental 
8.5.1  General Remarks 
All manipulations were carried out using standard inert atmosphere 
techniques. All chemicals and reagents were purchased from Sigma Aldrich and used 
without further purification. CD3CN was dried and stored over molecular sieves 
under nitrogen. All other solvents were dried on a series of Grubbs’ type columns and 
were degassed prior to use.18 [Pdppe][Br],19 [Pdppe][BPh4],20 
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[P(MeNHCMe)2][BPh4],13 [Asdppe][BPh4],21 MeNHCMe, and 
iPrNHCMe were synthesized 
according to literature methods.22 NMR spectra were recorded at room temperature 
on Bruker Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz, or Bruker Avance 
DPX 300 MHz spectrometers. Chemical shifts are reported in ppm relative to internal 
standards for 1H and 13C (the given deuterated solvent) and external standards for 
31P (85% H3PO4) and 11B (Et2O·BF3). Coupling constants |J| are given in Hz. Elemental 
analysis was performed at the University of Windsor Mass Spectrometry Service 
Laboratory using a Perkin Elmer 2400 combustion CHN analyzer. HR-ESI-MS was 
performed at the McMaster Regional Centre for Mass Spectrometry. 
8.5.2  Synthetic Information 
[As(MeNHCMe)2][BPh4]: Solid MeNHCMe (0.044 g, 0.35 
mmol) was added to a stirring solution of 
[Asdppe][BPh4] (0.140 g, 0.177 mmol) in THF (ca. 2 mL). 
After stirring for two minutes, Et2O (ca. 4 mL) was added 
dropwise. The yellow precipitate thus formed was 
collected by filtration, washed with Et2O (3 x 1 mL) and dried under reduced 
pressure. Isolated yield: 78% (0.088 g, 0.14 mmol). 13C{1H} NMR (CD3CN, 125.8 
MHz) δ: 9.4 (s, CCH3), 35.2 (s, NCH3), 122.6 (s, BPh4), 126.6 (q, JCB = 2, BPh4) 127.9 (s, 
CCH3), 136.7 (s, BPh4), 158.9 (s, AsCN), 164.8 (q, 1JCB = 49, BPh4). 11B{1H} NMR 
(CD3CN, 160.5 MHz) δ: −5.3 (BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 2.16 (s, 12H, 
CCH3), 3.41 (s, 12H, NCH3), 6.84 (m, 4H, BPh4), 6.99 (m, 8H, BPh4), 7.28 (m, 8H, BPh4). 
Elemental Analysis: calculated for C38H44N4BAs: C, 71.03; H, 6.90; N, 8.72, found: C, 
70.90; H, 7.39; N, 8.43. HR-ESI-MS: calculated for [C14H24N4As]+ m/z = 323.1217, 
found: 323.1218 
[As(iPrNHCMe)2][BPh4]: Solid 
iPrNHCMe (0.076 g, 0.42 
mmol) was added to a stirring solution of 
[Asdppe][BPh4] (0.166 g, 0.209 mmol) in THF (ca. 2 mL). 
After stirring for one hour, Et2O (ca. 4 mL) was added 
dropwise. The yellow precipitate thus formed was 
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collected by filtration, washed with Et2O (3 x 1 mL) and dried under reduced 
pressure. Isolated yield: 94% (0.148 g, 0.196 mmol). 13C{1H} NMR (CD3CN, 125.8 
MHz) δ: 8.7 (s, CCH3), 23.3 (s, NCH(CH3)2), 50.5 (s, NCH(CH3)2), 122.8 (s, BPh4), 126.1 
(s, CCH3), 126.6 (q, JCB= 2, BPh4), 136.7 (s, BPh4), 163.3 (s, AsCN), 164.8 (q, 1JCB = 49, 
BPh4). 11B NMR (CD3CN, 96.3 MHz) δ: −5.3 (BPh4). 1H NMR (CD3CN, 500.1 MHz) δ: 
1.45 (d, 3JHH = 7, 24H, NCH(CH3)2), 2.18 (s, 12H, CCH3), 4.40 (sept, 3JHH = 7, 12H, 
NCH(CH3)2), 6.84 (m, 4H, BPh4), 6.99 (m, 8H, BPh4), 7.27 (m, 8H, BPh4). Elemental 
Analysis: calculated for C46H60N4BAs: C, 73.20; H, 8.01; N, 7.42, found: C, 73.23; H, 
7.73; N, 7.27. HR-ESI-MS: calculated for [C22H40N4As]+ m/z = 435.2469, found: 
435.2475. 
8.5.3  X-ray Crystallography 
Crystals for investigation were covered in Paratone®, mounted onto a 
goniometer head, and then rapidly cooled under a stream of cold N2 of the low-
temperature apparatus (Oxford Cryostream) attached to the diffractometer. The data 
were then collected using the APEX3 software suite23 on a Bruker Photon 100 CMOS 
diffractometer using a graphite monochromator with MoKα (λ = 0.71073 Å) or CuKα 
(λ = 1.54178 Å) radiation. For each sample, data were collected at low temperature. 
APEX3 software was used for data reductions and SADABS24 was used for absorption 
corrections (multi-scan; semi-empirical from equivalents). XPREP was used to 
determine the space group and the structures were solved and refined using the 
SHELX25 software suite as implemented in the WinGX26 or OLEX227 program suites. 
Validation of the structures was conducted using PLATON.28 
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Table 8-1: Crystal data and structure refinement. 
Crystal Structure 
[(PtCl2{μ-L})2] 
[BPh4]2 ·2MeCN 
trans-[NiCl2L2] 
[BPh4]2 
[ClCu{μ-L}CuCl2]2 
Empirical 
formula 
C78H91B2Cl4N9P2Pt2 C76H88B2Cl2N8NiP2 C28H48Cl6Cu4N8P2 
Formula weight 1770.13 1326.71 1025.54 
Temperature (K) 105.0 104.99 104.98 
Crystal system triclinic monoclinic triclinic 
Space group P-1 P21/n P-1 
a (Å) 15.9282(8) 11.2727(7) 8.0905(4) 
b (Å) 15.9984(7) 9.3730(6) 16.1993(8) 
c (Å) 17.3090(8) 33.080(2) 17.0992(8) 
α (°) 64.410(2) 90 65.637(2) 
β (°) 89.444(2) 97.269(2) 89.382(2) 
γ (°) 71.712(2) 90 79.166(2) 
Volume (Å3) 3736.2(3) 3467.1(4) 1999.49(17) 
Z 2 2 2 
ρcalc (g·cm−3) 1.573 1.271 1.703 
μ (mm−1) 3.976 0.453 2.612 
F(000) 1772.0 1404.0 1040.0 
Crystal size 
(mm3) 
0.120 × 0.103 × 
0.015 
0.150 × 0.120 × 
0.020 
0.170 × 0.110 × 
0.050 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.686 to 56.762 5.706 to 52.862 5.88 to 66.508 
Index ranges 
-21 ≤ h ≤ 21 
-21 ≤ k ≤ 21 
-23 ≤ l ≤ 23 
-14 ≤ h ≤ 14 
-11 ≤ k ≤ 11 
-41 ≤ l ≤ 41 
-12 ≤ h ≤ 12 
-24 ≤ k ≤ 24 
-26 ≤ l ≤ 26 
Reflections 
collected 
134420 61876 154495 
Independent 
reflections 
18675 
Rint = 0.1072 
Rsigma = 0.0532 
7109 
Rint = 0.1220 
Rsigma = 0.0750 
15297 
Rint = 0.0466 
Rsigma = 0.0291 
Data/restraints 
/parameters 
18675/0/891 7109/0/420 15297/0/449 
Goodness-of-fit 
on F2 
1.067 1.130 1.055 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0383 
wR2 = 0.0766 
R1 = 0.0689 
wR2 = 0.1041 
R1 = 0.0304 
wR2 = 0.0564 
Final R indexes 
[all data] 
R1 = 0.0660 
wR2 = 0.0898 
R1 = 0.1088 
wR2 = 0.1141 
R1 = 0.0494 
wR2 = 0.0619 
Largest diff. 
peak/hole (e·Å−3) 
3.32/-2.32 0.47/-0.57 0.69/-0.62 
Flack parameter n/a n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
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Table 8-2: Crystal data and structure refinement. 
Crystal Structure [CuL3][OTf]4·6THF·H2O [As(MeNHCMe)2][BPh4]·THF 
Empirical 
formula 
C116H194Cu2F24N24 
O31P6S8 
C42H52AsBN4O 
Formula weight 3446.32 714.60 
Temperature (K) 143.2 170.0 
Crystal system triclinic monoclinic 
Space group P-1 P21/c 
a (Å) 11.0767(12) 10.8414(6) 
b (Å) 19.081(2) 16.1594(10) 
c (Å) 19.457(2) 22.0654(13) 
α (°) 92.315(4) 90 
β (°) 99.072(4) 90.497(2) 
γ (°) 99.336(4) 90 
Volume (Å3) 3997.9(8) 3865.5(4) 
Z 1 4 
ρcalc (g·cm−3) 1.431 1.228 
μ (mm−1) 0.531 0.916 
F(000) 1798.0 1512.0 
Crystal size 
(mm3) 
0.502 × 0.323 × 0.171 0.400 × 0.100 × 0.090 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
5.768 to 60.216 5.82 to 57.556 
Index ranges 
-15 ≤ h ≤ 15 
-26 ≤ k ≤ 26 
-27 ≤ l ≤ 27 
-14 ≤ h ≤ 14 
-21 ≤ k ≤ 21 
-29 ≤ l ≤ 29 
Reflections 
collected 
296729 244381 
Independent 
reflections 
23460 
Rint = 0.0470 
Rsigma = 0.0267 
10027 
Rint = 0.0638 
Rsigma = 0.0249 
Data/restraints 
/parameters 
23460/274/1045 10027/39/486 
Goodness-of-fit 
on F2 
1.038 1.071 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0697 
wR2 = 0.1764 
R1 = 0.0369 
wR2 = 0.0760 
Final R indexes 
[all data] 
R1 = 0.0968 
wR2 = 0.1990 
R1 = 0.0648 
wR2 = 0.0876 
Largest diff. 
peak/hole (e·Å−3) 
1.25/-1.24 0.53/-0.43 
Flack parameter n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
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APPENDICES 
Appendix A: Supplementary Information for Chapter 2 
A.1 Computational Data for Acyclic Model [P(MeNHC)2]+ 
 
Optimization 
1\1\GINC-SAW54\FOpt\RPBE1PBE\TZVP\C10H16N4P1(1+)\CMACD\14-Oct-2014\0\\# 
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of P(MeNHCH)2 acyclic cation\\1,1\ 
Atom  X   Y   Z 
P      -0.0000496071      -1.8012722169      -0.0001382017 
C      -1.3741111511      -0.6291610028      -0.1029153904 
N      -2.5695495497      -0.8359368293      0.5010156469 
N      -1.5405792522      0.4744155876      -0.8750618963 
C      -3.4706185544      0.1240251317      0.1079690315 
C      -2.8247451075      0.9519701248      -0.7406111312 
C      -2.8713433874      -1.9330401419      1.4007296466 
C      -0.5645082011      0.9970228029      -1.8074313641 
C      1.3740168146      -0.6291699469      0.102712945 
N      2.5694506128      -0.8358934111      -0.5012452197 
N      1.5404857691      0.4743504254      0.8749388183 
C      3.4705198201      0.124040742      -0.1081305467 
C      2.8246482069      0.9519231609      0.7405115058 
C      2.8712585803      -1.9329503662      -1.4010106368 
C      0.5644205243      0.9968924387      1.8073507137 
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H      -1.953411999      -2.2274703705      1.9105347221 
H      -3.2602145862      -2.7895645952      0.8478427663 
H      -3.6110849958      -1.6026101812      2.1283791444 
H      0.1582545458      1.6463308119      -1.3102362244 
H      -1.085214637      1.5664252112      -2.5752533443 
H      -0.0403078162      0.1593478598      -2.2695196957 
H      3.2602579544      -2.7894498583      -0.8481756099 
H      1.953304403      -2.2274479233      -1.91073534 
H      3.6109001393      -1.6024415109      -2.1287268966 
H      1.0851410774      1.566133944      2.5752829146 
H      -0.1582721327      1.6463341883      1.3102273257 
H      0.0401383436      0.1591856857      2.269286989 
H      -4.4869400968      0.1368841158      0.464011248 
H      -3.1664120003      1.8317818093      -1.2593781952 
H      3.166312875      1.8317003363      1.2593386302 
H      4.4868347881      0.1369364883      -0.4641904552 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-950.1877404\RMSD=8.714e-09\ 
RMSF=7.604e-06\Dipole=0.0000176,1.1499539,0.0000397\ 
Quadrupole=18.4007872,-9.3118421,-9.0889451,0.0001837,-4.8693487,-0.0000377\ 
PG=C01 [X(C10H16N4P1)]\\@ 
Thermochemical Information 
Zero-point correction=    0.261932 (Hartree/Particle) 
Thermal correction to Energy=   0.277930 
Thermal correction to Enthalpy=   0.278874 
Thermal correction to Gibbs Free Energy=  0.218075 
Sum of electronic and zero-point Energies=  -949.925808 
Sum of electronic and thermal Energies=  -949.909811 
Sum of electronic and thermal Enthalpies=  -949.908866 
Sum of electronic and thermal Free Energies=  -949.969665 
NBO Results 
56. (1.92607) LP ( 1) P   1           s( 70.29%)p 0.42( 29.66%)d 0.00(  0.04%) 
                                            0.0000 -0.0005  0.8383 -0.0142  0.0001 
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                                            0.0000  0.0000  0.0000  0.0000  0.0004 
                                            0.5446  0.0003 -0.0005  0.0000 -0.0002 
                                            0.0000  0.0000  0.0000  0.0016  0.0000 
                                            0.0175  0.0103 
57. (1.51950) LP ( 2) P   1           s(  0.00%)p 1.00( 99.77%)d 0.00(  0.23%) 
                                            0.0000  0.0000 -0.0001  0.0000  0.0000 
                                            0.0000 -0.0753 -0.0141 -0.0041  0.0000 
                                            0.0004  0.0000  0.0000  0.0000  0.9955 
                                           -0.0276  0.0007  0.0170  0.0000 -0.0444 
                                            0.0000  0.0000 
57. LP (   2) P   1                /352. BD*(   2) C   2 - N   3           64.64    0.09    0.069 
TDDFT Results 
Excited State   1:      Triplet-A      2.8117 eV  440.96 nm  f=0.0000  <S**2>=2.000 
      59 -> 60         0.70221 
This state for optimization and/or second-order correction. 
Total Energy, E(TD-HF/TD-KS) =  -950.068257950     
Copying the excited state density for this state as the 1-particle RhoCI density. 
Excited State   2:      Triplet-A      3.2035 eV  387.03 nm  f=0.0000  <S**2>=2.000 
      59 -> 61         0.68923 
Excited State   3:      Singlet-A      3.5228 eV  351.95 nm  f=0.2294  <S**2>=0.000 
      59 -> 60         0.69922 
Excited State   4:      Singlet-A      3.9484 eV  314.01 nm  f=0.0257  <S**2>=0.000 
      59 -> 61         0.68714 
Excited State   5:      Triplet-A      3.9992 eV  310.03 nm  f=0.0000  <S**2>=2.000 
      57 -> 62         0.17471 
      58 -> 63         0.22330 
      59 -> 62         0.58592 
      59 -> 64        -0.18485 
Excited State   6:      Singlet-A      4.6647 eV  265.80 nm  f=0.0118  <S**2>=0.000 
      59 -> 62         0.69669 
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A.2 Computational Data for Cyclic Model [P(MebNHC)]+ 
 
Optimization 
1\1\GINC-SAW18\FOpt\RPBE1PBE\TZVP\C9H12N4P1(1+)\CMACD\14-Oct-2014\0\\# 
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of P(MeNHCH)2CH2 cation\\1,1\ 
Atom  X   Y   Z 
P           -0.0000451712           -1.9239035122           0.5397333015 
C           1.2882616625           -0.7092052315           0.2446674463 
N           2.5693980486           -0.9621956178           -0.0889604871 
N           1.1725217968           0.6403278733           0.2788390774 
C           3.2543996874           0.2254290081           -0.2476673932 
C           2.3860761974           1.2314961527           -0.0198391826 
C           3.1235785679           -2.2916556384           -0.2612728566 
C           0.0000159276           1.2780862515           0.8208140077 
C           -1.2883272798           -0.709162367           0.2447521239 
N           -2.5694848683           -0.9621156552           -0.0888247991 
N           -1.1725414882           0.6403677072           0.2789063097 
C           -3.2544499576           0.2255297255           -0.2475340805 
C           -2.3861142782           1.2315699566           -0.0196342836 
C           -3.1237083344           -2.2915595707           -0.2611218521 
H           2.3885054325           -2.921315235           -0.7651660592 
H           3.3765482146           -2.7312724622           0.7048978561 
H           4.0193227492           -2.2249720825           -0.8753150352 
H           -2.3886731103           -2.921234513           -0.7650507794 
H           -3.3766489928           -2.731178259           0.7050559104 
H           -4.0194759885           -2.224848427           -0.875126716 
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H           0.0000252341           2.332899524           0.551604453 
H           0.000042781           1.171844798           1.9140597632 
H           -4.2961501484           0.24997941           -0.5199364511 
H           -2.5202567128           2.2997917483           -0.04775646 
H           2.5202391809           2.2997143           -0.0480038803 
H           4.2960998099           0.2498460964           -0.5200726933 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-909.7116987\RMSD=9.234e-09\ 
RMSF=7.672e-06\Dipole=0.0000037,1.0066691,-0.2954383\ 
Quadrupole=20.4491597,-1.0699573,-19.3792024,-0.0003048,-0.0008483,2.7806553\ 
PG=C01 [X(C9H12N4P1)]\\@ 
Thermochemical Information 
Zero-point correction=    0.213516 (Hartree/Particle) 
Thermal correction to Energy=    0.226121 
Thermal correction to Enthalpy=       0.227065 
Thermal correction to Gibbs Free Energy=     0.174146 
Sum of electronic and zero-point Energies=    -909.498182 
Sum of electronic and thermal Energies=               -909.485578 
Sum of electronic and thermal Enthalpies=            -909.484634 
Sum of electronic and thermal Free Energies=          -909.537553 
NBO Results 
51. (1.94978) LP ( 1) P   1           s( 70.49%)p 0.42( 29.47%)d 0.00(  0.04%) 
                                            0.0000 -0.0006  0.8395 -0.0130 -0.0006 
                                            0.0000  0.0000  0.0000  0.0000 -0.0002 
                                           -0.5328  0.0037 -0.0003  0.0002  0.1036 
                                            0.0033 -0.0005  0.0000  0.0000  0.0088 
                                            0.0158  0.0075 
52. (1.43165) LP ( 2) P   1           s(  0.12%)p99.99( 99.61%)d 2.37(  0.28%) 
                                            0.0000  0.0000  0.0331  0.0079  0.0009 
                                            0.0000  0.0000  0.0000  0.0000  0.0000 
                                           -0.1403  0.0165  0.0017  0.0000 -0.9877 
                                            0.0244  0.0035  0.0000  0.0000 -0.0495 
                                            0.0038  0.0168 
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52. LP (   2) P   1                /313. BD*(   2) C   2 - N   3           96.53    0.09    0.082 
TDDFT Results 
Excitation energies and oscillator strengths: 
Excited State   1:      Triplet-A      2.8485 eV  435.26 nm  f=0.0000  <S**2>=2.000 
      54 -> 55         0.70336 
This state for optimization and/or second-order correction. 
Total Energy, E(TD-HF/TD-KS) =  -909.593014092     
Copying the excited state density for this state as the 1-particle RhoCI density. 
Excited State   2:      Triplet-A      3.5657 eV  347.71 nm  f=0.0000  <S**2>=2.000 
      54 -> 56         0.59312 
      54 -> 57         0.29960 
      54 -> 59        -0.19137 
Excited State   3:      Singlet-A      3.6798 eV  336.93 nm  f=0.2600  <S**2>=0.000 
      54 -> 55         0.69843 
Excited State   4:      Triplet-A      3.8397 eV  322.90 nm  f=0.0000  <S**2>=2.000 
      53 -> 58         0.23313 
      54 -> 56        -0.26846 
      54 -> 57         0.56682 
Excited State   5:      Singlet-A      4.5588 eV  271.97 nm  f=0.0176  <S**2>=0.000 
      54 -> 58        -0.34824 
      54 -> 60         0.57926 
      54 -> 62        -0.17066 
Excited State   6:      Singlet-A      4.6226 eV  268.21 nm  f=0.0739  <S**2>=0.000 
      54 -> 56         0.65759 
      54 -> 57        -0.22758 
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A.3 Computational Data for SNHC Model [P(MeTZH)2]+ 
 
Optimization 
1\1\GINC-SAW283\FOpt\RPBE1PBE\TZVP\C8H10N2P1S2(1+)\CMACD\29-Jan-2015\0\#  
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of P(MeNSHCH)2 acyclic cation\\1,1\ 
Atom  X   Y   Z 
P           0.0225273065           1.1986042349           0.1319738583 
C           -1.3733325285           0.0992243674           0.2840958764 
N           -2.5922435358           0.6381430704           0.5238851167 
C           -3.6227537159           -0.2666863268           0.6293199181 
C           -3.2360911682           -1.5416262823           0.4743028346 
C           -2.7967407473           2.0735398098           0.6602112482 
C           1.3980093382           0.1053004046           -0.1729135602 
N           2.6269988505           0.6495883646           -0.3372135387 
C           3.6407158801           -0.2508143794           -0.5683732543 
C            3.2303020436           -1.5275509949           -0.5911613974 
C           2.8582047998           2.0859946435           -0.273514623 
H           -2.4964385578           2.5820562931           -0.2579936769 
H           -2.2070714752           2.4567620214           1.4952590379 
H           -3.8514176982           2.2598756073           0.8475915001 
H           2.2767758959           2.592117692           -1.0465941743 
H           2.5662070208           2.4677777961           0.7067161393 
H           3.9163861659           2.2769535414           -0.4346382828 
H           -4.6226518888           0.0936318033           0.820140716 
H           -3.8404147646           -2.4340438948           0.5104926206 
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H           3.8180625871           -2.4173813918           -0.751364859 
H           4.6473582863           0.1138992542           -0.7087050149 
S           -1.5307798996           -1.6220747433           0.1870179904 
S           1.5234158354           -1.6154482207           -0.3156239451 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-1557.110151\RMSD=4.123e-09\ 
RMSF=5.163e-06\Dipole=0.0041012,0.4373831,0.0305137\ 
Quadrupole=27.4531107,-4.6137685,-22.8393422,0.2969205,-8.5305188,1.3554469\ 
PG=C01 [X(C8H10N2P1S2)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.173334 (Hartree/Particle) 
Thermal correction to Energy=                      0.186715 
Thermal correction to Enthalpy=                    0.187659 
Thermal correction to Gibbs Free Energy=          0.131865 
Sum of electronic and zero-point Energies=           -1556.936817 
Sum of electronic and thermal Energies=              -1556.923436 
Sum of electronic and thermal Enthalpies=            -1556.922492 
Sum of electronic and thermal Free Energies=         -1556.978286 
NBO Results 
1. (1.96973) BD ( 1) P   1 - C   2   
                ( 33.67%)   0.5802* P   1 s( 16.74%)p 4.94( 82.62%)d 0.04(  0.64%) 
                                            0.0000  0.0000  0.4060  0.0504  0.0007 
                                            0.0001 -0.7027 -0.0343 -0.0039 -0.0001 
                                           -0.5754 -0.0089 -0.0020  0.0000  0.0001 
                                            0.0000  0.0000  0.0708  0.0000  0.0000 
                                            0.0010 -0.0379 
                ( 66.33%)   0.8145* C   2 s( 39.57%)p 1.53( 60.39%)d 0.00(  0.04%) 
                                            0.0000  0.6290  0.0097 -0.0044 -0.0001 
                                            0.6601  0.0167 -0.0121  0.4092  0.0136 
                                           -0.0114  0.0001  0.0000  0.0000  0.0161 
                                            0.0000  0.0000  0.0011 -0.0107 
2. (1.73957) BD ( 2) P   1 - C   2   
                ( 61.23%)   0.7825* P   1 s(  0.00%)p 1.00( 99.67%)d 0.00(  0.33%) 
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                                            0.0000  0.0000  0.0000  0.0000  0.0000 
                                            0.0000  0.0001  0.0000  0.0000  0.0000 
                                            0.0000  0.0000  0.0000  0.0010  0.9983 
                                           -0.0067 -0.0009  0.0000 -0.0145 -0.0557 
                                            0.0000  0.0000 
                ( 38.77%)   0.6227* C   2 s(  0.00%)p 1.00( 99.98%)d 0.00(  0.02%) 
                                            0.0000  0.0000  0.0000  0.0000  0.0000 
                                            0.0001  0.0000  0.0000 -0.0002  0.0000 
                                            0.0000  0.9996  0.0084  0.0209  0.0000 
                                            0.0121  0.0096  0.0000  0.0000 
3. (1.96973) BD ( 1) P   1 - C   7   
                ( 33.67%)   0.5802* P   1 s( 16.74%)p 4.94( 82.62%)d 0.04(  0.64%) 
                                            0.0000  0.0000  0.4060  0.0504  0.0007 
                                           -0.0001  0.7027  0.0343  0.0039 -0.0001 
                                           -0.5754 -0.0089 -0.0020  0.0000 -0.0001 
                                            0.0000  0.0000 -0.0708  0.0000  0.0000 
                                            0.0010 -0.0379 
                ( 66.33%)   0.8145* C   7 s( 39.57%)p 1.53( 60.39%)d 0.00(  0.04%) 
                                            0.0000  0.6290  0.0097 -0.0044 -0.0001 
                                           -0.6601 -0.0167  0.0121  0.4092  0.0136 
                                           -0.0114  0.0000  0.0000  0.0000 -0.0161 
                                            0.0000  0.0000  0.0011 -0.0107     
54. (1.92411) LP ( 1) P   1           s( 66.93%)p 0.49( 33.03%)d 0.00(  0.03%) 
                                            0.0000 -0.0006  0.8179 -0.0196 -0.0002 
                                            0.0000  0.0000  0.0000  0.0000  0.0003 
                                            0.5747 -0.0085 -0.0039  0.0000  0.0000 
                                            0.0000  0.0000  0.0000  0.0000  0.0000 
                                            0.0136  0.0119 
TDDFT Results:  
Excited State   1:      Triplet-A      2.0743 eV  597.73 nm  f=0.0000  <S**2>=2.000 
      59 -> 60         0.70648 
This state for optimization and/or second-order correction. 
Total Energy, E(TD-HF/TD-KS) =  -1557.03963703     
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Copying the excited state density for this state as the 1-particle RhoCI density. 
Excited State   2:      Singlet-A      3.1926 eV  388.35 nm  f=0.3955  <S**2>=0.000 
      59 -> 60         0.70239 
Excited State   3:      Triplet-A      3.1976 eV  387.74 nm  f=0.0000  <S**2>=2.000 
      58 -> 60        -0.13445 
      58 -> 65         0.10154 
      59 -> 61         0.67279 
Excited State   4:      Triplet-A      3.7358 eV  331.88 nm  f=0.0000  <S**2>=2.000 
      59 -> 62         0.69953 
Excited State   5:      Singlet-A      3.8895 eV  318.77 nm  f=0.0000  <S**2>=0.000 
      59 -> 62         0.70427 
Excited State   6:      Singlet-A      4.3823 eV  282.92 nm  f=0.0000  <S**2>=0.000 
      59 -> 63         0.69875 
A.4 Summary of Computational Data for Model Compounds 
Model Nimag 
EHOMO 
(eV) 
ELUMO 
(eV) 
EH−L 
(eV) 
UV-Vis 
(nm) 
LP(P)a 
(NBO) 
Edeloc.b 
(kcal·mol-1) 
C−P 
(Å) 
C−P−C 
(°) 
[P(MeNHC)2]+ 0 -8.65 -4.12 4.53 
351.95 
314.01 
265.80 
2 64.64 1.809 99.23 
[P(MebNHC)]+ 0 -8.87 -4.27 4.61 
336.93 
271.97 
268.21 
2 96.53 1.795 91.73 
[P(MeTZH)2]+ 0 -9.20 -5.46 3.74 388.35 1 n/a 1.783 103.91 
a Number of lone pairs assigned to the phosphorus atom in the lowest energy configuration determined by the 
NBO analysis. 
b Stabilization energy associated with delocalization of the π-type lone pair on P with the adjacent π-bonds as 
determined by the NBO analysis. 
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A.5 Computational Data for [H2P→Ni(CO)3]−: 
 
Optimization 
1\1\GINC-SAW193\FOpt\RPBE1PBE\Gen\C3H2Ni1O3P1(1-)\CMACD\06-Feb-2015\0\\# 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of H2P-Ni(CO)3 anion complex\\-1,1\ 
Atom  X   Y   Z 
Ni           -0.041260322           0.5017759153           -0.4916313941 
P           0.2168818454           -1.3177349899           0.9770572349 
C           1.6288190684           0.9129745343           -0.9130436354 
C           -0.875156532           1.639174802           0.5898960088 
C           -1.0182462401           -0.1816430984           -1.8003299975 
O           2.7296128224           1.1478366255           -1.1577846732 
O           -1.4092244885           2.2926316247           1.3736545112 
O           -1.6565482067           -0.6671030326           -2.6272329555 
H           -1.1175252252           -1.4189448228           1.4963418812 
H           0.6678420183           -0.6348508281           2.1564094697 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-853.1485145\RMSD=7.201e-09\ 
RMSF=3.386e-05\Dipole=-0.1937693,0.823364,-0.4533086\ 
Quadrupole=1.2410697,-1.5587506,0.3176809,0.9843065,-0.0272409,1.182861\ 
PG=C01 [X(C3H2Ni1O3P1)]\\@ 
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A.6 Computational Data for H3P→Ni(CO)3: 
 
Optimization 
1\1\GINC-SAW216\FOpt\RPBE1PBE\Gen\C3H3Ni1O3P1\CMACD\06-Feb-2015\0\\# 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of H3P-Ni(CO)3 complex\\0,1\ 
Atom  X   Y   Z 
Ni           -0.0600162257           0.4649761481           -0.3902598093 
P           0.1622864251           -1.2234579879           1.0487630883 
C           1.6005603759           0.9425507053           -0.8938472214 
C           -0.9059764621           1.7895285587           0.4869620774 
C           -1.0318178972           -0.1535765814           -1.7733886899 
O           2.6429020812           1.2581060312           -1.2243812382 
O           -1.4400777698           2.6380441344           1.0255472072 
O           -1.6455717014           -0.5269925738           -2.6560826695 
H           -0.9823560428           -1.8636759655           1.5919653209 
H           0.8409891773           -1.0351259376           2.2812777158 
H           0.8446423595           -2.4090797417           0.6694890189 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-853.6924747\RMSD=4.464e-09\ 
RMSF=2.756e-05\Dipole=0.1225606,-0.9321296,0.7943756\ 
Quadrupole=-2.289165,1.6992276,0.5899374,-0.5334829,0.4572977,-3.4553158\ 
PG=C01 [X(C3H3Ni1O3P1)]\\@ 
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A.7 Computational Data for Me3P→Ni(CO)3: 
 
Optimization 
1\1\GINC-SAW69\FOpt\RPBE1PBE\Gen\C6H9Ni1O3P1\CMACD\06-Feb-2015\0\\# 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of Me3P-Ni(CO)3 complex\\0,1\ 
Atom  X   Y   Z 
Ni           -0.0179156824           0.444665745           -0.4030948758 
P           0.1725543315           -1.2277475242           1.0603477393 
C           1.6487556495           0.903424461           -0.8783221781 
C           -0.8695855713           1.7735426704           0.4469662134 
C           -0.9650891711           -0.1901425171           -1.7867361463 
C           1.0255565761           -0.8325058961           2.641495336 
C           -1.4005944992           -1.972451848           1.6559891632 
C           1.101102851           -2.7094821183           0.4893021208 
O           2.7121722227           1.1884621538           -1.1758248075 
O           -1.4114723889           2.6139880964           0.9952356315 
O           -1.5682335969           -0.6025766539           -2.6623775517 
H           2.0358360142           -0.4794652396           2.4280018151 
H           1.0791474035           -1.7031485384           3.3001982961 
H           0.4881349767           -0.029692813           3.1491756448 
H           0.6157667988           -3.1195425755           -0.3979207449 
H           1.1480480363           -3.4797760306           1.2633381408 
H           2.1147666781           -2.4144219325           0.2130316184 
H           -1.2187133263           -2.7805887884           2.3689999962 
H           -2.0063704646           -1.2005237454           2.1333736126 
H           -1.9608369775           -2.3627122756           0.8045351662 
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\\Version=EM64L-G09RevD.01\State=1-A\HF=-971.5545939\RMSD=9.806e-09\ 
RMSF=6.530e-05\Dipole=0.1559946,-1.3695331,1.1988748\ 
Quadrupole=-1.6494651,1.1593372,0.4901279,-0.3257388,0.2872925,-2.4903947\ 
PG=C01 [X(C6H9Ni1O3P1)]\\@ 
A.8 Computational Data for Ph3P→Ni(CO)3: 
 
Optimization 
1\1\GINC-SAW280\FOpt\RPBE1PBE\Gen\C21H15Ni1O3P1\CMACD\09-Feb-2015\0\\# 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of Ph3P-Ni(CO)3 complex\\0,1\ 
Atom  X   Y   Z 
Ni           2.1535358006           -0.0024473032           0.0024837418 
P           -0.0937138688           -0.000616787           0.0012700988 
C           2.6816837719           0.5078402992           -1.6356304805 
C           2.677597601           -1.6774568163           0.3800819527 
C           2.680113395           1.1604903544           1.2647716031 
O           3.0274339117           0.8277315447           -2.6733353095 
O           3.0206554408           -2.7368841494           0.622220331 
O           3.0248509796           1.8987874977           2.0614769742 
C           -0.8802437628           -0.4981736684           -1.587961465 
C           -0.2930158017           -1.5378681121           -2.3085919761 
C           -2.0251724585           0.1151486659           -2.0911918312 
C           -0.8521932447           -1.9699664969           -3.5013436742 
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H           0.6123935847           -2.0046279679           -1.9346894367 
C           -2.577196337           -0.3117348401           -3.2920005672 
H           -2.4846888486           0.9332837354           -1.548217248 
C           -1.9951558236           -1.355710689           -3.9964951711 
H           -0.3871067641           -2.7804913803           -4.0514297685 
H           -3.465255825           0.1768300385           -3.6778852579 
H           -2.4271565377           -1.6863079659           -4.9345866702 
C           -0.8795065581           1.625234941           0.3638383203 
C           -2.0188405274           1.7567216041           1.1544743431 
C           -0.2961460768           2.7677945426           -0.1833919893 
C           -2.5692038224           3.0107516574           1.3855686888 
H           -2.4757973621           0.8791017538           1.597638213 
C           -0.8537804815           4.0173500825           0.0392265521 
H           0.6051334411           2.6759491026           -0.7805509394 
C           -1.9912000414           4.1412869736           0.8264568444 
H           -3.452839943           3.1023315924           2.0076958986 
H           -0.3915978062           4.8977550697           -0.3933177222 
H           -2.4218108811           5.1195364758           1.0095183322 
C           -0.8825408889           -1.1268459351           1.2263977367 
C           -2.0287747707           -1.8670291432           0.9456024806 
C           -0.2958681078           -1.2341063373           2.4871224134 
C           -2.582915648           -2.6935443838           1.914457643 
H           -2.4881948128           -1.80408705           -0.0343132512 
C           -0.8571712123           -2.0510814339           3.4564615121 
H           0.6107857839           -0.6794219483           2.7054556959 
C           -2.0016735666           -2.7841704185           3.1709462778 
H           -3.4719813205           -3.2700054282           1.6832054964 
H           -0.3923493409           -2.1245920691           4.4333890433 
H           -2.4350882692           -3.4312636073           3.9254805649 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-1546.2429218\RMSD=4.299e-09\ 
RMSF=3.388e-05\Dipole=-1.8683486,0.0001194,-0.0011885\ 
Quadrupole=-3.9398609,1.9464353,1.9934255,-0.0027944,-0.0134286,-0.0130915\ 
PG=C01 [X(C21H15Ni1O3P1)]\\@ 
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A.9 Computational Data for [(MebNHC)P→Ni(CO)3]+: 
 
Optimization 
1\1\GINC-SAW193\FOpt\RPBE1PBE\Gen\C12H12N4Ni1O3P1(1+)\CMACD\06Feb2015\ 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of LP-Ni(CO)3 cation complex\\1,1\ 
Atom  X   Y   Z 
P           6.3847147097           5.0283330155           2.1772394162 
C           5.5724541537           6.2508733263           3.2512806886 
N           5.1685035476           7.4851191904           2.9101066161 
N           5.2407600256           6.092357817           4.550386218 
C           4.6016414786           8.1085161936           4.0024504255 
H           4.2119537578           9.1111701098           3.9480203973 
C           4.6402178913           7.2380612832           5.0330391505 
H           4.2959232892           7.3308437609           6.0494069003 
C           5.6929640901           4.9494828186           5.306107021 
H           6.7696562006           5.047314644           5.491309138 
H           5.1510891487           4.8955275732           6.2482825554 
C           5.0727014146           2.5100287342           5.0089379954 
H           4.752352582           2.3451274201           6.0239718158 
C           5.1918728477           1.6579707194           3.968997478 
H           4.9908127124           0.6018411872           3.9037940389 
C           5.8080442915           3.6687629369           3.2384986825 
N           5.4549875644           3.7508084133           4.5391834098 
N           5.6348993568           2.3854132141           2.8838706526 
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C           5.3325670204           8.0764394895           1.5932057884 
H           6.2940678631           8.5868477105           1.5232008597 
H           4.5259389875           8.7861595689           1.4197924567 
H           5.2837189005           7.2858701025           0.8439700435 
C           5.9044405256           1.8493542971           1.560769699 
H           5.6725227471           2.6120075347           0.8167440852 
H           5.2707888072           0.9804366711           1.3943033969 
H           6.9532306404           1.5621140813           1.4736877457 
Ni           8.6321016022           5.2398126031           2.6780782706 
C           8.8568659072           6.8361973143           3.4664759411 
C           9.3994134394           5.1829908389           1.0303450956 
C           9.1331053749           3.8518252489           3.6995852471 
O           9.9076518104           5.1518179221           0.0166132888 
O           8.9860502358           7.8529857176           3.9632703416 
O           9.4456442461           2.9679902319           4.3467622598 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-1420.3878582\RMSD=6.871e-09\ 
RMSF=3.895e-06\Dipole=-4.0041047,-0.3903603,1.3234338\ 
Quadrupole=-11.9761556,15.8511972,-3.8750416,-2.5059497,-7.0976316,-0.4697876\ 
PG=C01 [X(C12H12N4Ni1O3P1)]\\@ 
A.10 Summary of Computational Data for Ni(CO)3 Complexes 
Model Nimag 
ν(CO) 
(cm-1) 
ν(CO) 
(cm-1) 
ν(CO) 
(cm-1) 
P−Ni 
(Å) 
Ni−C 
(Å) 
C−O 
(Å) 
[H2P→Ni(CO)3]− 0 2093 2025 2025 2.3525 1.7704−1.7773 1.1517−1.1519 
H3P→Ni(CO)3 0 2188 2125 2125 2.2296 1.7998−1.8000 1.1381−1.1381 
Me3P→Ni(CO)3 0 2171 2108 2108 2.2305 1.7927−1.7929 1.1404−1.1405 
Ph3P→Ni(CO)3 0 2174 2113 2113 2.2473 1.7952−1.7953 1.1396−1.1396 
[(MebNHC)P→Ni(CO)3]+ 0 2187 2135 2115 2.3122 1.7946−1.8185 1.1344−1.1392 
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Appendix B: Supplementary Information for Chapter 3 
B.1 Computational Data for Olefin (EtTZB)2 
 
Optimization 
1\1\GINC-ORC136\FOpt\RPBE1PBE\TZVP\C18H18N2S2\BINDERJ\18-Jul-2015\0\\# 
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization, frequency test and NBO analysis for (EtBTZ)2\\0,1\ 
Atom  X   Y   Z 
C           -1.8488680665           -1.894451556           -2.5501923654 
C           1.6085254151           1.997501337           -1.1485755875 
C           -1.4114390502           -2.2223120321           -1.1330948836 
C           1.4264994752           3.30821643           -0.4008292231 
C           -4.2364612485           1.3149005269           0.0651941974 
C           -3.0035577308           0.7270199052           -0.151150458 
C           -0.6323163466           0.0110876531           -0.4104865527 
C           4.1171650254           1.1485070333           0.2055853206 
C           0.67032763           -0.0704958078           -0.0810404533 
C           -2.7900777699           -0.6310490352           0.1057079262 
C           -5.2767095428           0.5296798089           0.5517832494 
C           2.9236303425           0.4359861283           0.2366097605 
C           5.2603073098           0.5722976086           0.7508585409 
C           -3.8324138575           -1.4057510522           0.5916291934 
C           -5.0739333432           -0.8188097462           0.8105131869 
C           2.8951498351           -0.8364110427           0.8179339715 
C           5.2240571397           -0.6899665982           1.3238564132 
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C           4.0303206768           -1.4061077896           1.3585633931 
N           1.7073165874           0.8306447427           -0.2926642339 
N           -1.4981885966           -1.0906902478           -0.1979986403 
S           -1.5601345779           1.4901425299           -0.8326642689 
S           1.2832259687           -1.5358877418           0.7302844686 
H           -1.2227921417           -1.1079100988           -2.9768887856 
H           -2.8878436075           -1.5573991977           -2.5753884946 
H           -1.7631525601           -2.7791883241           -3.1864380988 
H           1.399103564           4.1395605331           -1.1100709182 
H           0.4921394724           3.3067868489           0.161964563 
H           2.2472459543           3.4839718089           0.2973551411 
H           2.5186899641           2.0308700551           -1.7571891553 
H           0.7828437761           1.8308052446           -1.8434174858 
H           -0.3802390179           -2.5811723733           -1.1232181764 
H           -2.0210717762           -3.0286494019           -0.7189810409 
H           3.9920839265           -2.3949112383           1.8010021542 
H           6.1224451143           -1.1230603008           1.7471246281 
H           6.1908105864           1.1279420687           0.7288832227 
H           4.1629375356           2.1409482218           -0.2248556805 
H           -4.3908225395           2.3675741864           -0.1418367804 
H           -6.2471787413           0.9779171163           0.7305833638 
H           -5.8867719521           -1.4226587593           1.1974853798 
H           -3.6746069525           -2.4553206038           0.8116283088 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-1601.6562345\RMSD=1.987e-09\ 
RMSF=5.851e-06\Dipole=0.2415209,0.0980942,-0.435696\ 
Quadrupole=4.43147,3.4393739,-7.8708439,3.4491548,-0.6192667,-2.6619903\ 
PG=C01 [X(C18H18N2S2)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.321367 (Hartree/Particle) 
Thermal correction to Energy=                      0.341356 
Thermal correction to Enthalpy=                    0.342301 
Thermal correction to Gibbs Free Energy=          0.272219 
Sum of electronic and zero-point Energies=           -1601.334867 
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Sum of electronic and thermal Energies=              -1601.314878 
Sum of electronic and thermal Enthalpies=            -1601.313934 
Sum of electronic and thermal Free Energies=         -1601.384015 
B.2 Computational Data for [P(EtTZMe)2]+ 
 
Optimization 
1\1\GINC-ORC302\FOpt\RPBE1PBE\TZVP\C14H22N2P1S2(1+)\BINDERJ\20-Jul-2015\# 
PBE1PBE/TZVP opt freq scf=tight pop=(full,nboread) test\\ 
Optimization, frequency and NBO for good_EtTZ2P\\1,1\ 
Atom  X   Y   Z 
P           5.7386777572           2.300467475           2.9479190572 
S           5.6567441432           -0.5119882582           1.412272956 
C           5.7457821172           1.206859698           1.5347156287 
C           4.4575355156           3.7843369398           -0.0205897142 
H           3.8800630185           3.3612245882           -0.8444899813 
H           4.5420704261           4.8601303225           -0.1844843264 
H           3.9045078417           3.6254657861           0.9063991895 
C           5.90534993           1.2790262813           -2.1655655098 
H           5.1378379462           2.0173685329           -2.4068086978 
H           5.7810061809           0.4405754374           -2.8475575329 
H           6.8832413444           1.7246642462           -2.368597411 
N           5.8211696421           1.7287614275           0.2902386549 
C           5.8460492065           3.1763301247           0.0571564109 
H           6.4050063294           3.3478318917           -0.8615394949 
H           6.4253346035           3.6225586938           0.8690256087 
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C           5.6972289548           -1.742068572           -1.0999224139 
H           6.592274147           -2.3394066408           -0.9075647188 
H           5.6540958851           -1.5448933074           -2.1705321789 
H           4.82673394           -2.3488112069           -0.8395368965 
C           5.7200556135           -0.4696430479           -0.3317486948 
C           5.8024196315           0.8102522241           -0.757690485 
S           5.8206115467           -0.5119882026           4.4835652508 
C           5.7315734654           1.206859744           4.3611225216 
C           7.0198199061           3.7843371173           5.9164277798 
H           7.5972924296           3.3612248289           6.7403280607 
H           6.9352849285           4.8601305002           6.0803223566 
H           7.5728475899           3.6254659677           4.9894388813 
C           5.5720056481           1.2790264391           8.0614036578 
H           6.3395175858           2.0173687464           8.3026468215 
H           5.6963494495           0.4405756253           8.7433957084 
H           4.5941142058           1.7246643496           8.2644355443 
N           5.6561859079           1.7287615097           5.6055994782 
C           5.6313062531           3.1763302131           5.8386816747 
H           5.0723491196           3.3478319753           6.7573775748 
H           5.0520208283           3.6225587193           5.0268124622 
C           5.7801268119           -1.7420684364           6.9957606611 
H           4.8850816569           -2.3394065674           6.8034029857 
H           5.8232598692           -1.5448931338           8.0663704197 
H           6.6506218645           -2.3488110255           6.7353751637 
C           5.7573000737           -0.4696429389           6.2275869002 
C           5.6749359758           0.8102523419           6.6535286483 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-1792.8094767\RMSD=8.129e-09\ 
RMSF=3.239e-06\Dipole=0.,0.0978095,0.\ 
Quadrupole=-29.6432789,-6.8772187,36.5204976,-0.0000007,0.1753232,0.0000007\ 
PG=C02 [C2(P1),X(C14H22N2S2)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.342167 (Hartree/Particle) 
Thermal correction to Energy=                      0.364873 
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Thermal correction to Enthalpy=                    0.365817 
Thermal correction to Gibbs Free Energy=          0.290035 
Sum of electronic and zero-point Energies=           -1792.467310 
Sum of electronic and thermal Energies=              -1792.444604 
Sum of electronic and thermal Enthalpies=           -1792.443660 
Sum of electronic and thermal Free Energies=         -1792.519441 
NBO results 
1. (1.96908) BD ( 1) P   1 - C   3   
                ( 33.99%)   0.5830* P   1 s( 17.17%)p 4.79( 82.21%)d 0.04(  0.62%) 
                                            0.0000  0.0000  0.4102  0.0587 -0.0008 
                                            0.0000  0.0437 -0.0014  0.0003  0.0000 
                                            0.7014 -0.0353 -0.0043 -0.0001 -0.5717 
                                            0.0088 -0.0030  0.0036 -0.0041 -0.0694 
                                           -0.0323  0.0169 
                ( 66.01%)   0.8125* C   3 s( 39.46%)p 1.53( 60.50%)d 0.00(  0.04%) 
                                            0.0000  0.6281  0.0088 -0.0054  0.0000 
                                           -0.0369 -0.0007  0.0004 -0.6559 -0.0166 
                                            0.0105  0.4158  0.0143 -0.0067  0.0011 
                                           -0.0007 -0.0162 -0.0109  0.0047 
2. (1.74718) BD ( 2) P   1 - C   3   
                ( 62.51%)   0.7906* P   1 s(  0.00%)p 1.00( 99.69%)d 0.00(  0.31%) 
                                            0.0000 -0.0001  0.0001 -0.0003  0.0000 
                                            0.0009  0.9965  0.0052  0.0029 -0.0001 
                                           -0.0625  0.0020  0.0019  0.0000 -0.0004 
                                            0.0000  0.0003  0.0142 -0.0533  0.0025 
                                            0.0024  0.0007 
                ( 37.49%)   0.6123* C   3 s(  0.00%)p 1.00( 99.97%)d 0.00(  0.03%) 
                                            0.0000 -0.0029 -0.0020 -0.0001  0.0001 
                                            0.9954  0.0074  0.0206 -0.0835  0.0003 
                                            0.0001 -0.0392  0.0004  0.0001 -0.0127 
                                            0.0098 -0.0012 -0.0017 -0.0003 
3. (1.96909) BD ( 1) P   1 - C  23   
                ( 33.99%)   0.5830* P   1 s( 17.17%)p 4.79( 82.21%)d 0.04(  0.62%) 
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                                            0.0000  0.0000  0.4102  0.0587 -0.0008 
                                            0.0000 -0.0443  0.0014 -0.0003  0.0000 
                                           -0.7014  0.0353  0.0043 -0.0001 -0.5717 
                                            0.0088 -0.0030  0.0037  0.0042  0.0694 
                                           -0.0323  0.0169 
                ( 66.01%)   0.8125* C  23 s( 39.46%)p 1.53( 60.50%)d 0.00(  0.04%) 
                                            0.0000  0.6281  0.0088 -0.0054  0.0000 
                                            0.0423  0.0006 -0.0003  0.6554  0.0166 
                                           -0.0105  0.4160  0.0143 -0.0067  0.0010 
                                            0.0008  0.0161 -0.0109  0.0048 
78. (1.92530) LP ( 1) P   1           s( 66.23%)p 0.51( 33.74%)d 0.00(  0.03%) 
                                            0.0000 -0.0006  0.8135 -0.0231  0.0003 
                                            0.0000  0.0001  0.0000  0.0000  0.0000 
                                            0.0000  0.0000  0.0000  0.0003  0.5808 
                                            0.0111 -0.0020  0.0001  0.0000  0.0000 
                                            0.0033 -0.0164 
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AIM Results 
 
Table A 1: Electron density (ρ), Laplacian of the electron density (L), Lagrangian kinetic 
energy density (KEG), Hamiltonian kinetic energy density (KEK) and Virial Field Function 
(VIR) for selected bond critical points. 
Critical Point ρ L KEG KEK VIR 
P-C1 +0.1481 -0.0567 +0.1738 +0.1170 +0.2908 
P-C1` +0.1481 -0.0567 +0.1738 +0.1170 +0.2908 
C1-N +0.3236 +0.2167 +0.2652 +0.4819 +0.7471 
C1`-N1` +0.3236 +0.2167 +0.2652 +0.4819 +0.7471 
C1-S +0.2092 +0.1092 +0.0765 +0.1857 +0.2623 
C1`-S` +0.2092 +0.1092 +0.0765 +0.1857 +0.2623 
S-S` +0.0156 -0.0119 +0.0109 -0.0011 +0.0098 
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Appendix C: Supplementary Information for Chapter 4 
C.1 Computational Data for [P(MeNHCMe)2]+ 
 
Optimization 
1\1\GINC-SAW86\FOpt\RPBE1PBE\TZVP\C14H24N4P1(1+)\SWIDAN\28-Mar-2012\0\# 
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of PNHC2Me4\\1,1\ 
Atom  X   Y   Z 
P           -1.5815972339           0.9579207743           -2.124327726 
C           -1.5670621167           -0.558190126           -1.1330196994 
N           -1.626782523           -1.7987556554           -1.668837066 
N           -1.6670983263           -0.7347671122           0.2058958347 
C           -1.7682640185           -2.7528866401           -0.6742540058 
C           -1.7775053272           -2.0850595076           0.5095599985 
C           -1.5868464314           -2.0874710145           -3.0874934918 
C           -1.8740505804           -4.2004967147           -0.9709307985 
C           -1.8933173281           -2.5863809299           1.8992518988 
C           -1.7739196911           0.3383299559           1.1681494911 
C           -0.3912361401           1.9396421566           -1.175180611 
N           -0.5280479954           3.2673497431           -0.9558840367 
N           0.8355873126           1.6169346401           -0.7012097073 
C           0.6075728158           3.7809134803           -0.350775056 
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C           1.4620349446           2.7385636808           -0.1748444695 
C           -1.6856379288           4.0512272278           -1.3341239979 
C           0.7442304649           5.2148793518           -0.0045112974 
C           2.8154442571           2.6914649854           0.4268992969 
C           1.4526432399           0.3176316387           -0.842485122 
H           -1.1176709326           -1.2439263392           -3.5951450784 
H           -2.5943164392           -2.2225522972           -3.4853806525 
H           -1.0061742357           -2.9923233291           -3.261013131 
H           -0.9675477962           -4.5885168318           -1.4441553452 
H           -2.7157936063           -4.4132050185           -1.6352289941 
H           -2.0309125381           -4.762202022           -0.0511784598 
H           -1.0611069028           -2.2502456254           2.523486657 
H           -1.888038276           -3.6754684361           1.904099283 
H           -2.8233412658           -2.2623359241           2.3754632404 
H           -0.7925235045           0.6683837957           1.5160802317 
H           -2.3556128149           -0.0016390582           2.022631845 
H           -2.2860863883           1.1754469013           0.6925345418 
H           -1.5170829417           4.5597822717           -2.2851925787 
H           -2.5355426651           3.3762816845           -1.4413064457 
H           -1.8958078373           4.7902021606           -0.5622418696 
H           1.7316724987           5.4084974316           0.4120569954 
H           0.0052699669           5.5287009278           0.7382544889 
H           0.6262633546           5.8528242327           -0.8843787298 
H           3.0717819082           3.6643181128           0.8440442669 
H           2.8749277814           1.9597729093           1.2370331355 
H           3.583208702           2.4399239632           -0.3106483378 
H           2.5330685076           0.4364483367           -0.8940111844 
H           1.2077865195           -0.3392788462           -0.0048479177 
H           1.0942211518           -0.1331274246           -1.7685814355\\Version=EM64L-
G09RevC.01\State=1-A\HF=-1107.3294502\RMSD=4.206e-09\RMSF=9.703e-06\ 
Dipole=0.5705689,-0.2526522,0.9185681\ 
Quadrupole=-9.4131957,22.2130255,-12.7998298,10.7579369,0.5383233,3.1060508\ 
PG=C01 [X(C14H24N4P1)]\\@ 
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Thermochemical Information 
Zero-point correction=                              0.373352 (Hartree/Particle) 
Thermal correction to Energy=                      0.395877 
Thermal correction to Enthalpy=                    0.396822 
Thermal correction to Gibbs Free Energy=          0.322556 
Sum of electronic and zero-point Energies=           -1106.956098 
Sum of electronic and thermal Energies=              -1106.933573 
Sum of electronic and thermal Enthalpies=            -1106.932629 
Sum of electronic and thermal Free Energies=         -1107.006894 
NBO Results 
1. (1.96125) BD ( 1) P   1 - C   2   
                ( 34.28%)   0.5855* P   1 s( 15.18%)p 5.55( 84.20%)d 0.04(  0.62%) 
                                            0.0000 -0.0001  0.3873  0.0425 -0.0003 
                                           -0.0001 -0.6952 -0.0446 -0.0018  0.0001 
                                            0.5887  0.0131  0.0001 -0.0001  0.0993 
                                           -0.0080 -0.0026 -0.0691  0.0032  0.0007 
                                           -0.0074 -0.0365 
                ( 65.72%)   0.8107* C   2 s( 39.12%)p 1.56( 60.85%)d 0.00(  0.03%) 
                                            0.0000  0.6248 -0.0271 -0.0082  0.0001 
                                            0.6310 -0.0361 -0.0160 -0.4490  0.0174 
                                            0.0189  0.0798 -0.0122  0.0002 -0.0134 
                                            0.0027 -0.0010  0.0013 -0.0094 
2. (1.96124) BD ( 1) P   1 - C  11   
                ( 34.27%)   0.5854* P   1 s( 15.18%)p 5.55( 84.21%)d 0.04(  0.62%) 
                                            0.0000 -0.0001  0.3872  0.0424 -0.0003 
                                            0.0001  0.6951  0.0446  0.0018  0.0001 
                                            0.5888  0.0131  0.0001  0.0001 -0.0998 
                                            0.0080  0.0026  0.0691  0.0031 -0.0007 
                                           -0.0075 -0.0365 
                ( 65.73%)   0.8107* C  11 s( 39.12%)p 1.56( 60.85%)d 0.00(  0.03%) 
                                            0.0000  0.6248 -0.0271 -0.0082  0.0001 
                                           -0.6311  0.0361  0.0159 -0.4489  0.0174 
                                            0.0189 -0.0796  0.0122 -0.0002  0.0134 
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                                            0.0027  0.0010  0.0013 -0.0094 
72. (1.92712) LP ( 1) P   1           s( 69.93%)p 0.43( 30.03%)d 0.00(  0.04%) 
                                            0.0000 -0.0005  0.8361 -0.0150  0.0001 
                                            0.0000  0.0001  0.0000  0.0000 -0.0004 
                                           -0.5480  0.0002  0.0001  0.0000  0.0001 
                                            0.0000  0.0000  0.0000 -0.0015  0.0000 
                                            0.0166  0.0103 
73. (1.52752) LP ( 2) P   1           s(  0.00%)p 1.00( 99.80%)d 0.00(  0.20%) 
                                            0.0000  0.0000  0.0001  0.0000  0.0000 
                                            0.0000  0.1393  0.0111  0.0063  0.0000 
                                            0.0004  0.0000  0.0000  0.0000  0.9887 
                                           -0.0290 -0.0002  0.0198  0.0000  0.0399 
                                            0.0000  0.0000 
C.2 Computational Data for [P(EtNHCMe)2]+ 
 
Optimization 
1\1\GINC-SAW34\FOpt\RPBE1PBE\TZVP\C18H32N4P1(1+)\SWIDAN\10-Apr-2012\0\# 
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of PNHC2Et2Me2\\1,1\ 
Atom  X   Y   Z 
P           -1.4783000023           0.9133328662           -1.9038477919 
C           -1.4395514839           -0.6170817564           -0.9275856313 
N           -1.4852346868           -1.8428208298           -1.4993101302 
N           -1.5255228143           -0.8320493087           0.4076108062 
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C           -1.613613913           -2.826475159           -0.5318375991 
C           -1.6261435661           -2.1910891452           0.6700179502 
C           -1.6723275242           -4.2712111771           -0.8580815054 
H           -0.7414765091           -4.6259665846           -1.3097377097 
H           -2.4879632166           -4.4983443622           -1.5488246065 
H           -1.8381216843           -4.8525285262           0.0479632403 
C           -1.6999480631           -2.7395683805           2.0455873518 
H           -2.5523860236           -2.3423290034           2.6020779861 
H           -0.79367082           -2.5213693947           2.6179092657 
H           -1.8093828971           -3.8225680565           2.008790556 
C           -0.274326679           1.9165629216           -0.9871824729 
N           -0.4546315194           3.2388942186           -0.7627506609 
N           0.9757805776           1.6369152412           -0.545052492 
C           0.6803976299           3.7952675203           -0.19501915 
C           1.5767811574           2.7840688159           -0.0460625178 
C           0.7722130886           5.2266222448           0.1790283387 
H           0.0646231665           5.4878592287           0.9711208704 
H           0.5780682422           5.882000115           -0.6734873146 
H           1.7721655494           5.4535378906           0.5463560327 
C           2.9376552732           2.7859885083           0.5425615946 
H           3.6920244523           2.4292229732           -0.1629822997 
H           2.9925554731           2.1604899743           1.438238605 
H           3.2152719326           3.797960485           0.8342117232 
C           -1.448250185           -2.0859152081           -2.9364862424 
C           -2.8239286929           -2.0584726457           -3.576181874 
H           -0.9612765474           -3.0496177859           -3.0903084928 
H           -0.8129173053           -1.3075249265           -3.3656609785 
H           -2.7345365564           -2.2645475378           -4.6444489151 
H           -3.4868550989           -2.8089534673           -3.141073376 
H           -3.289227645           -1.0776620713           -3.4603130552 
C           -1.7364002106           0.2005334522           1.4159882008 
C           -3.203444978           0.5580380698           1.5713274728 
H           -1.1545235027           1.074138563           1.1298801218 
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H           -1.3190775231           -0.1709945142           2.352741427 
H           -3.3165756147           1.3304258977           2.3346598677 
H           -3.6061407529           0.9387373102           0.6312142404 
H           -3.7960233874           -0.3064725355           1.8763745959 
C           -1.6613052417           3.9790562106           -1.1120261314 
C           -1.6329874533           4.520887483           -2.5290979729 
H           -1.7702211008           4.7842467049           -0.3844801941 
H           -2.4967456055           3.2863829257           -0.9855193 
H           -2.5502456504           5.079227733           -2.7254296554 
H           -0.7872249939           5.192846167           -2.6877569229 
H           -1.5706535918           3.7092834257           -3.2566465926 
C           1.6935133894           0.3889248533           -0.7792947105 
C           2.3717757388           0.3647218731           -2.1370574894 
H           0.9833286569           -0.4301761258           -0.6879746413 
H           2.4194874306           0.2762132506           0.0268982246 
H           2.8969411794           -0.5830969738           -2.270842089 
H           1.6344704718           0.4676817045           -2.9349897541 
H           3.1013577507           1.170835928           -2.2344396821 
\\Version=EM64L-G09RevC.01\State=1-A\HF=-1264.4475009\RMSD=2.994e-09\ 
RMSF=5.261e-06\Dipole=0.6723696,-0.2865361,1.0252722\ 
Quadrupole=-9.0442525,20.7401902,-11.6959377,9.679781,0.7794125,2.7348101\ 
PG=C01 [X(C18H32N4P1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.487597 (Hartree/Particle) 
Thermal correction to Energy=                      0.515406 
Thermal correction to Enthalpy=                    0.516350 
Thermal correction to Gibbs Free Energy=          0.428920 
Sum of electronic and zero-point Energies=           -1263.959904 
Sum of electronic and thermal Energies=              -1263.932095 
Sum of electronic and thermal Enthalpies=            -1263.931151 
Sum of electronic and thermal Free Energies=         -1264.018581 
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NBO Results 
1. (1.96013) BD ( 1) P   1 - C   2   
                ( 34.42%)   0.5867* P   1 s( 15.48%)p 5.42( 83.91%)d 0.04(  0.61%) 
                                            0.0000  0.0000  0.3910  0.0442 -0.0002 
                                            0.0001  0.6917  0.0436  0.0015 -0.0002 
                                           -0.5858 -0.0128 -0.0011 -0.0001  0.1241 
                                           -0.0086 -0.0028 -0.0682 -0.0031 -0.0014 
                                           -0.0069 -0.0365 
                ( 65.58%)   0.8098* C   2 s( 39.26%)p 1.55( 60.72%)d 0.00(  0.03%) 
                                            0.0000  0.6259 -0.0253 -0.0114  0.0000 
                                           -0.6401  0.0339  0.0162  0.4361 -0.0179 
                                           -0.0175  0.0712 -0.0121 -0.0004 -0.0129 
                                           -0.0028  0.0013  0.0017 -0.0091 
2. (1.96013) BD ( 1) P   1 - C  15   
                ( 34.43%)   0.5867* P   1 s( 15.49%)p 5.42( 83.91%)d 0.04(  0.61%) 
                                            0.0000  0.0000  0.3910  0.0442 -0.0002 
                                           -0.0001 -0.6914 -0.0436 -0.0015 -0.0002 
                                           -0.5865 -0.0128 -0.0011  0.0001 -0.1220 
                                            0.0086  0.0028  0.0682 -0.0034  0.0011 
                                           -0.0069 -0.0365 
                ( 65.57%)   0.8098* C  15 s( 39.26%)p 1.55( 60.72%)d 0.00(  0.03%) 
                                            0.0000  0.6259 -0.0253 -0.0114  0.0000 
                                            0.6400 -0.0339 -0.0162  0.4360 -0.0179 
                                           -0.0175 -0.0729  0.0122  0.0005  0.0129 
                                           -0.0029 -0.0014  0.0017 -0.0091 
88. (1.92356) LP ( 1) P   1           s( 69.34%)p 0.44( 30.62%)d 0.00(  0.04%) 
                                            0.0000 -0.0006  0.8326 -0.0157  0.0001 
                                            0.0000 -0.0001  0.0000  0.0000  0.0004 
                                            0.5534 -0.0019  0.0001  0.0000 -0.0010 
                                            0.0000  0.0000  0.0000  0.0014  0.0001 
                                            0.0160  0.0106 
89. (1.53866) LP ( 2) P   1           s(  0.00%)p 1.00( 99.81%)d 0.00(  0.19%) 
                                            0.0000  0.0000  0.0001  0.0000  0.0000 
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                                            0.0000 -0.1722 -0.0168 -0.0028  0.0000 
                                            0.0017 -0.0001  0.0000  0.0000  0.9836 
                                           -0.0254 -0.0005  0.0218 -0.0001 -0.0381 
                                            0.0001  0.0001 
C.3 Computational Data for [P(iPrNHCMe)2]+ 
  
Optimization 
1\1\GINC-SAW254\FOpt\RPBE1PBE\TZVP\C22H40N4P1(1+)\SWIDAN\13-Apr-2012\0\ 
PBE1PBE/TZVP scf=tight opt freq pop=(full,nboread) test\\ 
Optimization of PNHC2iP2Me2\\1,1\ 
Atom  X   Y   Z 
P           -1.5688423305           0.9408058494           -2.0411747548 
C           -1.5803535587           -0.558759677           -0.9977753803 
N           -1.5854976091           -1.8152727014           -1.5078615796 
N           -1.7686358149           -0.6880918445           0.3395624061 
C           -1.7893335812           -2.7361241732           -0.4923583372 
C           -1.8862649143           -2.0305283673           0.6688392488 
C           -1.8556429153           -4.2076221761           -0.6804308822 
H           -0.8695507847           -4.6476532559           -0.8465411254 
H           -2.4932042778           -4.4826095681           -1.5209472844 
H           -2.2773841294           -4.6729669932           0.2095839265 
C           -2.0203512519           -2.5603948769           2.0495951321 
H           -2.821132602           -2.0799514725           2.6122325016 
H           -1.0937827965           -2.4446375289           2.6174614863 
H           -2.2446886458           -3.6254257941           2.0107901688 
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C           -0.2843326772           1.9192044831           -1.1866029373 
N           -0.4273885327           3.2364239931           -0.8975893571 
N           1.0001218632           1.5995806001           -0.888904608 
C           0.7716142721           3.7497363434           -0.4288687908 
C           1.6620953018           2.7191485178           -0.4063395002 
C           0.9886471132           5.1594569562           -0.0157596686 
H           0.5440963749           5.3775587382           0.958095712 
H           0.5775153881           5.86391755           -0.7391576561 
H           2.0567139966           5.360198251           0.0582547891 
C           3.0593563297           2.7317898572           0.09635857 
H           3.766609807           2.2900236247           -0.6059902177 
H           3.1509058315           2.1988647838           1.0460954042 
H           3.3743259866           3.7596317811           0.2708793361 
C           -2.0715717388           0.4592501282           1.2145874251 
C           -1.1688763177           0.5362599706           2.43435975 
C           -3.5549665193           0.5077268563           1.5492604613 
H           -1.8570744623           1.3187556001           0.5807738931 
H           -0.1161983695           0.4551807749           2.1568616768 
H           -1.3138900215           1.5042973095           2.918343286 
H           -1.3936817638           -0.2310457349           3.1749526446 
H           -4.154723928           0.5062659196           0.6372969635 
H           -3.8729329738           -0.3265900401           2.1756805317 
H           -3.7708103049           1.4280454043           2.0960692502 
C           -1.4413216484           -2.085674235           -2.9509418202 
C           -2.7869300856           -2.3839895236           -3.5925253402 
C           -0.3789101782           -3.1293754786           -3.256965619 
H           -1.0908478384           -1.1248575034           -3.3419741679 
H           -3.4985987289           -1.5786830579           -3.4012280774 
H           -2.6603365347           -2.4714336678           -4.673453956 
H           -3.2191394913           -3.3199640415           -3.2329020589 
H           0.5372682529           -2.9460503071           -2.6910441334 
H           -0.7114714843           -4.1484603238           -3.0610299541 
H           -0.1317555495           -3.0685272906           -4.3184940505 
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C           1.6169516883           0.3238862342           -1.296342366 
C           2.3010571486           -0.4029185365           -0.1507373825 
C           2.5077508965           0.5182962194           -2.5143223391 
H           0.7640405667           -0.2742892865           -1.6144402722 
H           1.6449164021           -0.4843433029           0.7179224589 
H           2.55236421           -1.4144159204           -0.4764303467 
H           3.2299072029           0.0760713076           0.1583902485 
H           1.9516592427           0.9924357334           -3.3250938584 
H           3.3902355795           1.1219038905           -2.2987371433 
H           2.8554230051           -0.4556309121           -2.8652716419 
C           -1.6901723922           3.9649886795           -1.1231440317 
C           -1.6299109725           4.7896590026           -2.3989119691 
C           -2.1433244452           4.7593672763           0.0914781918 
H           -2.4099237016           3.1554072925           -1.2826858488 
H           -1.3638415642           4.1669079053           -3.2550475279 
H           -2.6112651632           5.2270697533           -2.5930549143 
H           -0.9103694269           5.6079895072           -2.3297624411 
H           -2.0662337593           4.1692526995           1.0074901553 
H           -1.588335948           5.6873391875           0.2270577758 
H           -3.1928432463           5.0273102901           -0.0440036839 
\\Version=EM64L-G09RevC.01\State=1-A\HF=-1421.5469239\RMSD=7.918e-09\ 
RMSF=5.892e-06\Dipole=0.5999065,-0.2457842,0.8945449\ 
Quadrupole=-7.7040385,19.8835246,-12.1794861,8.4160565,-2.5733531,3.9286788\ 
PG=C01 [X(C22H40N4P1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.600666 (Hartree/Particle) 
Thermal correction to Energy=                      0.633620 
Thermal correction to Enthalpy=                    0.634564 
Thermal correction to Gibbs Free Energy=          0.538089 
Sum of electronic and zero-point Energies=           -1420.946258 
Sum of electronic and thermal Energies=              -1420.913304 
Sum of electronic and thermal Enthalpies=            -1420.912360 
Sum of electronic and thermal Free Energies=         -1421.008835 
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NBO Results 
1. (1.95670) BD ( 1) P   1 - C   2   
                ( 33.98%)   0.5829* P   1 s( 15.16%)p 5.55( 84.21%)d 0.04(  0.63%) 
                                            0.0000 -0.0001  0.3876  0.0376 -0.0002 
                                            0.0000  0.6869  0.0429 -0.0007 -0.0002 
                                           -0.1461 -0.0121 -0.0041  0.0002  0.5889 
                                            0.0102  0.0006 -0.0123  0.0678 -0.0155 
                                            0.0260  0.0243 
                ( 66.02%)   0.8125* C   2 s( 38.81%)p 1.58( 61.17%)d 0.00(  0.03%) 
                                            0.0000  0.6223 -0.0267 -0.0108  0.0000 
                                           -0.6203  0.0350  0.0133  0.1539 -0.0169 
                                           -0.0010 -0.4483  0.0167  0.0186 -0.0037 
                                            0.0131 -0.0024  0.0075  0.0032 
2. (1.95670) BD ( 1) P   1 - C  15   
                ( 33.98%)   0.5829* P   1 s( 15.16%)p 5.55( 84.21%)d 0.04(  0.63%) 
                                            0.0000 -0.0001  0.3876  0.0376 -0.0002 
                                            0.0000 -0.6869 -0.0429  0.0007  0.0002 
                                            0.1460  0.0121  0.0041  0.0002  0.5890 
                                            0.0102  0.0006 -0.0123 -0.0678  0.0155 
                                            0.0259  0.0243 
                ( 66.02%)   0.8125* C  15 s( 38.81%)p 1.58( 61.17%)d 0.00(  0.03%) 
                                            0.0000  0.6223 -0.0267 -0.0108  0.0000 
                                            0.6202 -0.0350 -0.0133 -0.1537  0.0169 
                                            0.0010 -0.4484  0.0167  0.0186 -0.0037 
                                           -0.0131  0.0024  0.0075  0.0032 
104. (1.91928) LP ( 1) P   1           s( 69.89%)p 0.43( 30.07%)d 0.00(  0.04%) 
                                            0.0000 -0.0005  0.8359 -0.0131  0.0001 
                                            0.0000  0.0000  0.0000  0.0000  0.0000 
                                            0.0001  0.0000  0.0000 -0.0004 -0.5483 
                                           -0.0004 -0.0012  0.0017  0.0000  0.0000 
                                           -0.0015 -0.0197 
105. (1.62174) LP ( 2) P   1           s(  0.00%)p 1.00( 99.88%)d 0.00(  0.12%) 
                                            0.0000  0.0000  0.0000  0.0000  0.0000 
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                                            0.0003  0.2078 -0.0053 -0.0040  0.0007 
                                            0.9771 -0.0275  0.0002  0.0000  0.0000 
                                            0.0000  0.0000  0.0000  0.0056  0.0344 
                                            0.0000  0.0000 
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Appendix D: Supplementary Information for Chapter 5 
D.1 Computational Data for [P(NHC)(SatNHC)]+ 
 
Optimization 
1\1\GINC-ORC153\FOpt\RPBE1PBE\TZVP\C6H10N4P1(1+)\BINDERJ\12-Jun-2018\0\\#  
pbe1pbe/tzvp scf=tight opt freq pop=(full,nboread) test\\ 
Optimization, frequency and NBO for Saturate and unsaturate NHC subbed P+\\1,1\ 
Atom  X   Y   Z 
P           1.3410272561           1.6323525905           -0.9142079278 
N           2.6114027936           0.1353096199           0.9645911952 
C           2.7033420555           0.7088435415           -0.2375891335 
N           3.9479967705           0.4758637168           -0.7347319876 
C           4.8173291287           -0.0659809512           0.3204040621 
C           3.7988948542           -0.6391828797           1.3055187113 
H           5.4032546163           0.7372948891           0.7763881479 
H           4.0878368381           -0.4902593463           2.3452787154 
H           4.3381263646           1.1720071493           -1.3517522983 
H           1.722408827           -0.0083590094           1.416504007 
C           1.9150359715           1.7517831514           -2.6238817181 
N           2.6377502927           0.9221924953           -3.4047499111 
N           1.4928514646           2.7191582389           -3.461857119 
C           2.6587517067           1.3602590314           -4.71218302 
H           3.0305992308           0.0557146904           -3.0694302964 
C           1.9291014436           2.494987144           -4.7482586655 
H           0.9404021795           3.5083832028           -3.161864843 
H           3.1866061749           0.8356031199           -5.4902883461 
H           1.6927827218           3.1569398141           -5.5637759629 
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H           5.4934877464           -0.8225267179           -0.0747695599 
H           3.6196936729           -1.7049662309           1.1336950303 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-794.301362\RMSD=9.719e-09\ 
RMSF=1.687e-06\Dipole=0.8627678,-0.2203722,-0.6288289\ 
Quadrupole=-8.186219,-5.3506828,13.5369018,-7.469612,5.7131585,-12.9564312\ 
PG=C01 [X(C6H10N4P1)]\\@ 
D.2 Computational Data for [P(MeNHC−C2H4−PPh2)]+ 
 
Optimization 
1\1\GINC-ORC229\FOpt\RPBE1PBE\TZVP\C18H19N2P2(1+)\ROOT\23-Feb-2016\0\\# 
pbe1pbe/tzvp scf=tight opt freq pop=(full,nboread) test\\ 
Optimization, frequency and NBO for MeNHCPPPh2\\1,1\ 
Atom  X   Y   Z 
P           -1.1064140131           1.684467137           11.0697562735 
P           -0.3406463604           1.2397687304           9.1166215976 
N           0.1166688749           4.1099514721           9.3859133347 
C           -2.6258188994           0.7349430348           11.3552999565 
C           0.1526950083           2.9301659636           8.7187280452 
C           -1.5057761558           3.4764450924           11.1393595677 
C           0.0369623136           1.3869709175           12.455758076 
C           -2.7331409201           -0.1554895805           12.4210724182 
N           0.658298112           3.2180143445           7.4951654826 
C           -0.2899522976           4.3039848329           10.76737221 
C           0.9392434669           4.5629734536           7.4014541704 
C           -3.9087022251           -0.8711826857           12.5997324877 
C           -4.9702763232           -0.6986696091           11.7242332961 
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C           1.2540579123           0.7536960315           12.2225963948 
C           -3.6871772921           0.8939692298           10.4622740201 
C           0.6036456065           5.1216964256           8.5795515625 
C           -0.3034696917           1.79702889           13.7476558094 
C           -4.8591044091           0.1829599335           10.6554870729 
C           0.5754682859           1.5727057298           14.7945555318 
C           0.8466504172           2.2398466396           6.4430403254 
C           1.7898550356           0.9378545842           14.5595750246 
C           2.1271253174           0.5282473551           13.2781238635 
H           1.3470857214           5.0003137321           6.5060408669 
H           0.6646148163           6.1418638838           8.9186903543 
H           1.5340128849           1.4584865099           6.7728656523 
H           -0.1094991648           1.7870960753           6.1730132846 
H           1.2653104123           2.7406349534           5.5728405119 
H           0.5515706314           4.0696575139           11.4273869483 
H           -0.5186667992           5.3635007185           10.8875067434 
H           -1.8171025356           3.7230037741           12.1562662264 
H           -2.344849471           3.6688593053           10.4676770875 
H           -3.5899961369           1.5522989973           9.6052963838 
H           -5.6845445131           0.308090219           9.9645607481 
H           -5.8864990683           -1.2596941396           11.8681557873 
H           -3.9908388817           -1.5685842055           13.4251420141 
H           -1.9056526882           -0.2994929463           13.1050867224 
H           -1.2556068542           2.2781397368           13.9476636687 
H           0.3120022334           1.8906776097           15.7966842783 
H           2.4745359691           0.7630049366           15.3815952879 
H           3.0736289726           0.0326852905           13.0961241485 
H           1.5148257088           0.4462956028           11.2149811741 
\\Version=EM64L-G09RevD.01\State=1-A\HF=-1488.4122789\RMSD=6.764e-09\ 
RMSF=3.135e-06\Dipole=0.4153601,1.683822,-0.5399773\ 
Quadrupole=-4.005039,-6.6157758,10.6208148,8.808956,-6.0832273,-13.5063395\ 
PG=C01 [X(C18H19N2P2)]\\@ 
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Thermochemical Information 
Zero-point correction=                              0.335474 (Hartree/Particle) 
Thermal correction to Energy=                      0.355370 
Thermal correction to Enthalpy=                    0.356314 
Thermal correction to Gibbs Free Energy=          0.285135 
Sum of electronic and zero-point Energies=           -1488.076805 
Sum of electronic and thermal Energies=              -1488.056909 
Sum of electronic and thermal Enthalpies=            -1488.055965 
Sum of electronic and thermal Free Energies=         -1488.127144 
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Appendix E: Supplementary Information for Chapter 6 
E.1 Computational Data for [Cr(CO)5L]+ 
 
Optimization 
1\1\GINC-ORC248\FOpt\RPBE1PBE\Gen\C19H24Cr1N4O5P1(1+)\BINDERJ\08Sep2017\ 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
Optimization, frequency test and NBO6 analysis for LCr(CO)5+\\1,1\ 
Atom  X   Y   Z 
P           6.601178401           8.0597728876           17.5647462912 
N           9.2748099466           7.4074051592           18.4934095382 
N           5.4004875029           7.2253882163           20.080783342 
N           9.1992480036           8.9480215339           16.9924982498 
O           3.1558181299           6.2666927094           16.641311615 
O           8.9408371384           6.4689580225           14.899376165 
O           5.4655711158           8.762844493           14.0856084799 
N           6.5293351578           9.054136424           20.1980020708 
C           4.2623476436           6.3104081327           16.361851348 
O           6.8491011572           3.9396008455           17.4603440083 
O           5.4219849123           4.5640791802           13.5457248825 
C           7.8548730794           6.4339379975           15.2631041979 
C           8.4256093076           8.1363214217           17.7409744166 
C           6.2031674267           8.0379104686           19.3624676752 
C           10.5864288376           7.7641719089           18.2239640363 
C           10.5372947257           8.7265939694           17.2624843335 
APPENDICES 
 263 
C           5.6844703034           7.8682136223           14.7580351487 
C           6.5375323095           4.8686573099           16.8661083633 
C           5.6714423579           5.2564773816           14.4190095197 
C           5.2245601988           7.7207649357           21.3612544967 
C           4.7869957286           5.9942244041           19.6253745106 
C           5.949275848           8.8690085798           21440444586 
C           8.8884400116           6.3580539192           19.4139307556 
C           4.3782376403           7.0363325965           22.3661390301 
C           11.6209671757           9.4483162521           16.5565976335 
C           8.7152667206           9.8726787763           15.9851836855 
C           11.7443725572           7.1297867713           18.8962972824 
C           6.134125381           9.8145385405           22.5663370231 
C           7.3013867316           10.2197265055           19.822923935 
H           5.0035959204           5.1913584883           20.3298206596 
H           3.7073266771           6.118084662           19.533320217 
H           5.1968229676           5.7463905043           18.6528747437 
H           4.3480359159           7.6146057301           23.2882912324 
H           3.3497376927           6.9235862417           22.0135650671 
H           4.7584896106           6.0409708903           22.6115094242 
H           7.1912568034           9.9746891774           22.7930826438 
H           5.6807755123           10.7884565233           22.3606542149 
H           5.66191429           9.4192578075           23.4645475852 
H           8.3737602285           10.0282573783           19.897011996 
H           7.0502777096           10.4821536737           18.7941026468 
H           7.0420781919           11.0449972173           20.4821170103 
H           8.8316228696           9.4444918767           14.9883731541 
H           7.6584511476           10.0655463735           16.1695485657 
H           9.275524961           10.8046427237           16.0458106437 
H           8.758823019           6.7477656081           20.4258162929 
H           7.9577690452           5.9130205818           19.0701330158 
H           9.6595523102           5.5903048361           19.4237984804 
H           12.6661318673           7.6277018149           18.5989824196 
H           11.6698521385           7.1964004672           19.9846580159 
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H           11.8412142276           6.0739525505           18.6275128615 
H           12.5923804129           9.0961937017           16.9001971002 
H           11.5714994476           9.2809619286           15.4774680231 
H           11.5778166166           10.5264179914           16.7335606396 
Cr           6.0767633365           6.3695340864           15.8433150763 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-1760.5960106\RMSD=7.308e-09\ 
RMSF=6.153e-06\Dipole=2.3303934,2.4400302,4.6485409\ 
Quadrupole=6.6766132,-11.7410041,5.0643909,8.3607199,-13.6909604,-0.7227098\ 
PG=C01 [X(C19H24Cr1N4O5P1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.418645 (Hartree/Particle) 
Thermal correction to Energy=                      0.454100 
Thermal correction to Enthalpy=                    0.455044 
Thermal correction to Gibbs Free Energy=          0.350025 
Sum of electronic and zero-point Energies=           -1760.177365 
Sum of electronic and thermal Energies=              -1760.141911 
Sum of electronic and thermal Enthalpies=            -1760.140967 
Sum of electronic and thermal Free Energies=         -1760.245986 
E.2 Computational Data for [Mo(CO)5L]+ 
 
Optimization 
1\1\GINC-ORC174\FOpt\RPBE1PBE\Gen\C19H24Mo1N4O5P1(1+)\BINDERJ\09Sep2017 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
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Optimization, frequency test and NBO6 analysis for LMo(CO)5+\\1,1\ 
Atom  X   Y   Z 
P           6.5981591779           8.1077398873           17.5997696426 
N           9.2717896101           7.4357753103           18.5000624383 
N           5.3871940559           7.2759826126           20.0997465712 
N           9.1971463091           8.9907187228           17.0140083489 
O           2.9791520401           6.1133543673           16.54998507 
O           9.1098794455           6.4249287048           14.8555223516 
O           5.410677488           8.7745967086           13.9110109902 
N           6.5536781355           9.0791199314           20.2476891666 
C           4.0908584406           6.183699825           16.3043037567 
O           6.8275865857           3.7196510784           17.5216192381 
O           5.486453317           4.3761431862           13.3800123606 
C           8.0209237975           6.3737003015           15.2037839339 
C           8.4228508733           8.1789537528           17.7616831548 
C           6.2075640825           8.0833842492           19.3963230135 
C           10.5844728996           7.7827703443           18.222252232 
C           10.5357955355           8.7543431383           17.2700972885 
C           5.640703631           7.895411444           14.598085168 
C           6.5463768787           4.6538971379           16.9230637251 
C           5.6993073759           5.0740390592           14.2583779017 
C           5.2190010457           7.7545721744           21.3878765647 
C           4.7461713608           6.0687196819           19.6187040935 
C           5.9676335618           8.8857961479           21.486689133 
C           8.8783011463           6.3759560464           19.4048592495 
C           4.3555397242           7.0715788975           22.3790429264 
C           11.6199899629           9.4713895355           16.560369195 
C           8.7111002846           9.9297947871           16.0213938162 
C           11.7423518338           7.1318646278           18.8785203546 
C           6.1716874081           9.8088061396           22.6278432618 
C           7.3515035792           10.2328677187           19.8908106786 
H           4.9329617063           5.2501013361           20.3135475034 
H           3.6709001686           6.2228676513           19.518776997 
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H           5.1595369765           5.8253778025           18.6444569543 
H           4.3340599743           7.6348473599           23.3106889733 
H           3.3261574663           6.9863658232           22.0212758651 
H           4.7140291275           6.0643692129           22.608430739 
H           7.2319426922           9.9440033851           22.8563007453 
H           5.7377363832           10.7947138637           22.4384573593 
H           5.6923290417           9.4082804695           23.5198731174 
H           8.4193687218           10.0181806717           19.9670146605 
H           7.1103104475           10.5146989052           18.8646833517 
H           7.1067780884           11.0551111243           20.5593407292 
H           8.8192913998           9.5139148567           15.0184313047 
H           7.6562798762           10.1236769039           16.215519272 
H           9.275242153           10.8589572956           16.0897378287 
H           8.739281831           6.7529224533           20.4202654363 
H           7.9491064754           5.9390104228           19.0452181483 
H           9.6484019315           5.6072454797           19.4122377485 
H           12.6660728306           7.6234058732           18.5767275434 
H           11.6785279778           7.1906284431           19.9680225222 
H           11.8267698382           6.0773821382           18.6005171542 
H           12.5908875067           9.1057830793           16.8911712481 
H           11.5585850657           9.3139309317           15.4803030552 
H           11.5902564788           10.5483515599           16.7469239564 
Mo         6.0779746239           6.2890832383           15.802930511 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-1741.889955\RMSD=5.596e-09\ 
RMSF=4.662e-06\Dipole=2.4118312,2.706425,4.9012646\ 
Quadrupole=6.0331508,-12.4882036,6.4550528,9.1705449,-12.2208391,1.093695\ 
PG=C01 [X(C19H24Mo1N4O5P1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.416930 (Hartree/Particle) 
Thermal correction to Energy=                      0.453071 
Thermal correction to Enthalpy=                    0.454015 
Thermal correction to Gibbs Free Energy=          0.346788 
Sum of electronic and zero-point Energies=           -1741.473025 
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Sum of electronic and thermal Energies=              -1741.436884 
Sum of electronic and thermal Enthalpies=            -1741.435940 
Sum of electronic and thermal Free Energies=         -1741.543167 
E.3 Computational Data for [W(CO)5L]+ 
 
Optimization 
1\1\GINC-ORC174\FOpt\RPBE1PBE\Gen\C19H24N4O5P1W1(1+)\BINDERJ\08Sep2017\ 
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
Optimization, frequency test and NBO6 analysis for LW(CO)5+\\1,1\ 
Atom  X   Y   Z 
W           6.070691216           6.3018273772           15.8033878377 
P           6.6043613646           8.1247484527           17.592027206 
N           9.272254414           7.4219556876           18.4960272529 
N           5.3977861347           7.273439751           20.0975394649 
N           9.2146279724           8.9906847786           17.0241872867 
O           2.9784954623           6.0935610103           16.6109587643 
O           9.0991781896           6.4895980817           14.8136606121 
O           5.3404349313           8.7942692996           13.9257394481 
N           6.5363960078           9.0948167898           20.235913049 
C           4.0854386366           6.1742316709           16.3411282057 
O           6.8807654722           3.7338288099           17.518237927 
O           5.463912029           4.376827362           13.375012477 
C           8.0136655995           6.4168763323           15.1736456152 
C           8.4319700453           8.1775424267           17.7609961709 
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C           6.2064944303           8.0890451697           19.3901753236 
C           10.5882622063           7.7619724175           18.22711328 
C           10.550439391           8.7429157434           17.2838198127 
C           5.5916818574           7.9134037922           14.605206631 
C           6.5801397157           4.6648974258           16.9207576766 
C           5.6810593412           5.0766984213           14.252424969 
C           5.2215460847           7.7570454376           21.3824202367 
C           4.7775111213           6.050507254           19.6282745004 
C           5.9522934559           8.900633254           21.4749464702 
C           8.8673794462           6.3557953749           19.388373008 
C           4.3686552338           7.0674023189           22.3782521333 
C           11.642678827           9.458382069           16.5849311054 
C           8.7401141721           9.9360321552           16.0316677219 
C           11.73812422           7.0956801888           18.8819943374 
C           6.1385557874           9.8354977877           22.6094938369 
C           7.3224631934           10.2557403905           19.8759168159 
H           4.9803526726           5.2424075909           20.330813031 
H           3.6995297064           6.1847928285           19.5294773891 
H           5.1923533017           5.8048197667           18.6553287832 
H           4.345757225           7.632691385           23.3086262245 
H           3.3386028357           6.9709184966           22.0252681162 
H           4.7383126445           6.0644641807           22.6085270769 
H           7.1957743284           9.9895292527           22.8399715016 
H           5.6897180785           10.8128389399           22.4104085611 
H           5.6624443687           9.4348724571           23.5032478188 
H           8.3916782536           10.0596868298           19.978308456 
H           7.0981769661           10.5146517008           18.840105633 
H           7.0497474367           11.085243674           20.5244190047 
H           8.8599564175           9.5247669992           15.0281240975 
H           7.6831482926           10.1284239055           16.2139946549 
H           9.3033178184           10.8647843051           16.111821464 
H           8.7474915716           6.719129266           20.4111237619 
H           7.9260371259           5.9447755828           19.0309076974 
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H           9.6205550352           5.5704836145           19.3739371717 
H           12.6669993168           7.5832686622           18.5897959387 
H           11.6694038886           7.1433287845           19.9717258371 
H           11.8157395479           6.0435780494           18.5931962405 
H           12.6094912231           9.0844380429           16.918246757 
H           11.5860219762           9.3089538005           15.5035065422 
H           11.6186523794           10.5340606539           16.7792474145 
\\Version=EM64LG09RevE.01\State=1-A\HF=-1740.7891461\RMSD=6.987e-09\ 
RMSF=6.313e-06\Dipole=2.6476802,2.9637397,5.3537263\ 
Quadrupole=5.123198,-13.1503371,8.0271391,10.0262599,-10.5325306,3.1155362\ 
PG=C01 [X(C19H24N4O5P1W1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.416691 (Hartree/Particle) 
Thermal correction to Energy=                      0.452912 
Thermal correction to Enthalpy=                    0.453856 
Thermal correction to Gibbs Free Energy=          0.345962 
Sum of electronic and zero-point Energies=           -1740.372455 
Sum of electronic and thermal Energies=              -1740.336234 
Sum of electronic and thermal Enthalpies=            -1740.335290 
Sum of electronic and thermal Free Energies=         -1740.443185 
ADF Output 
The bond energy is computed as an energy difference between molecule and fragments. In 
particular when the fragments are single atoms, they are usually computed as SPHERICALLY 
SYMMETRIC and SPIN-RESTRICTED. Obviously, this usually does NOT represent the true 
atomic groundstate. 
 
To obtain the 'real' bond energy, (atomic) correction terms must be applied for the true 
(multiplet) fragment ground state. See ref: E.J.Baerends, V.Branchadell, M.Sodupe, Chem. 
Phys. Lett. 265 (1997) 481. 
 
General theoretical background on the bond energy decomposition scheme used here 
(Morokuma-Ziegler) can be found in the review paper: F.M. Bickelhaupt and E.J. Baerends, 
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"Kohn-Sham Density Functional Theory: Predicting and Understanding Chemistry" In: Rev. 
Comput. Chem.; Lipkowitz, K. B. and Boyd, D. B., Eds.; Wiley-VCH: New York, 2000, Vol. 15, 1-
86. 
 
Symbols used in the Bickelhaupt-Baerends (BB) paper are given below to make the direct 
connection to that paper, where detailed explanations can be found on the meaning of the 
various terms. 
                                                     hartree                         eV               kcal/mol       kJ/mol 
                                          ----------------------------       -----------       ----------        ----------- 
Pauli Repulsion 
Kinetic (Delta T^0):                       0.923971402172440      25.1425          579.80         2425.89 
Delta V^Pauli Coulomb:             -0.653691628446902     -17.7879        -410.20       -1716.27 
Delta V^Pauli LDA-XC:               -0.169995255581874     -4.6258          -106.67        -446.32 
Delta V^Pauli GGA-Exchange:     0.050553523658028      1.3756            31.72           132.73 
Delta V^Pauli GGA-Correlation:  -0.016762604117737     -0.4561          -10.52           -44.01 
                                          ----------------------------       -----------       ----------        ----------- 
Total Pauli Repulsion:                   0.134075437683955       3.6484            84.13           352.02 
(Total Pauli Repulsion = Delta E^Pauli in BB paper) 
 
Steric Interaction 
Pauli Repulsion (Delta E^Pauli):   0.134075437683955     3.6484            84.13          352.02 
Electrostatic Interaction:                -0.094427830563973    -2.5695          -59.25         -247.92 
(Electrostatic Interaction = 
Delta V_elstat in the BB paper) 
                                          ----------------------------       -----------       ----------        ----------- 
Total Steric Interaction:              0.039647607119982          1.0789           24.88            104.09 
(Total Steric Interaction = Delta E^0 in the BB paper) 
 
Orbital Interactions 
A:                                        -0.069606558307609       -1.8941         -43.68          -182.75 
                                          ----------------------------       -----------       ----------        ----------- 
Total Orbital Interactions:           -0.069606558307609        -1.8941         -43.68        -182.75 
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Alternative Decomposition Orb.Int. 
Kinetic:                                              -0.754675960477034       -20.5358       -473.57      -1981.40 
Coulomb:                                           0.611298787179480        16.6343         383.60        1604.96 
XC:                                                       0.073770614989945         2.0074           46.29           193.68 
                                          ----------------------------       -----------       ----------        ----------- 
Total Orbital Interactions:           -0.069606558307609      -1.8941          -43.68          -182.75 
Residu (E=Steric+OrbInt+Res):   0.000000041838786        0.0000            0.00                0.00 
Dispersion Energy:                         -0.032351891579931      -0.8803         -20.30            -84.94 
Total Bonding Energy:                  -0.062310800928772       -1.6956         -39.10          -163.60 
 
Summary of Bonding Energy 
(energy terms are taken from the energy decomposition above) 
====================================================================== 
Electrostatic Energy:                    -0.094427830563973         -2.5695        -59.25           -247.92 
Kinetic Energy:                                0.169295441695405          4.6068         106.23          444.49 
Coulomb (Steric+OrbInt) Energy:      -0.042392799428636         -1.1536        -26.60           -111.30 
XC Energy:                                       -0.062433721051638         -1.6989        -39.18           -163.92 
Dispersion Energy:                       -0.032351891579931         -0.8803        -20.30            -84.94 
                                          ----------------------------       -----------       ----------        ----------- 
Total Bonding Energy:                 -0.062310800928772        -1.6956          -39.10         -163.60 
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EDA MO Correlation Diagram for L+→W(CO)5 
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E.4 Computational Data for Me3N→W(CO)5 
 
Optimization 
1\1\GINC-ORC214\FOpt\RPBE1PBE\Gen\C8H9N1O5W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
Optimization,frequency test and NBO6 analysis for Me3NWCO5\\0,1\ 
Atom  X   Y   Z 
W           6.0657751573           6.1286837314           15.8898686651 
O           2.931608682           6.7551010879           15.9052978489 
O           9.1216100899           5.2611042528           15.535582041 
O           6.4400469459           8.2370141002           13.517578215 
C           4.0594917245           6.5606877406           15.9374238888 
O           5.6380001501           3.7726641678           18.0084275225 
O           5.4244632859           4.0137468779           13.6577630521 
C           8.0406235895           5.6001597239           15.7000593572 
C           6.3141719392           7.5145719817           14.3963850725 
C           5.7976132188           4.6430381659           17.2817991459 
C           5.6602957189           4.7891951062           14.473538941 
N           6.5333883739           7.7141482856           17.637877631 
C           7.7882827438           7.3759276567           18.3308520392 
H           8.620996494           7.4189115902           17.6303060588 
H           7.9764755486           8.0828306863           19.1501607492 
H           7.7248017918           6.3679350613           18.7396615917 
C           5.4541359392           7.7197356518           18.6406796384 
H           5.6834657791           8.4320281271           19.4445545088 
H           4.5139980838           8.0075035074           18.1723037742 
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H           5.3413004703           6.7253656886           19.0710681749 
C           6.6625840521           9.0809965296           17.1060635051 
H           6.867892465           9.7918281746           17.9180349586 
H           7.4795935746           9.1212392301           16.3865922804 
H           5.7387618919           9.3719657544           16.6068309999 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-807.7739534\RMSD=3.489e-09\ 
RMSF=1.722e-05\Dipole=0.5108571,1.7108545,1.8662716\ 
Quadrupole=-2.2843029,0.8704882,1.4138147,1.0432148,1.1021023,3.7188595\ 
PG=C01 [X(C8H9N1O5W1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.165816 (Hartree/Particle) 
Thermal correction to Energy=                      0.184025 
Thermal correction to Enthalpy=                    0.184969 
Thermal correction to Gibbs Free Energy=          0.117178 
Sum of electronic and zero-point Energies=            -807.608137 
Sum of electronic and thermal Energies=               -807.589928 
Sum of electronic and thermal Enthalpies=             -807.588984 
Sum of electronic and thermal Free Energies=          -807.656775 
NMe3 Single Point Energy 
1\1\GINC-ORC73\SP\RPBE1PBE\TZVP\C3H9P1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/TZVP SP test\\ 
Single Point on Me3P fragment from Me3P-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
P        2.034306            0.034010            -0.013332 
C         2.845304            0.007798            1.636403 
H        3.933505            0.002828            1.539943 
H        2.538432            0.884976            2.208063 
H         2.528031            -0.882383           2.182175 
C      2.844958            1.474106            -0.818256 
H      2.535375            2.3929            -0.317784 
H      3.932849            1.388118            -0.773519 
H        2.530614            1.532351            -1.861436 
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C         2.845191            -1.384409           -0.856396 
H         2.535031            -1.413401           -1.902035 
H        3.933401            -1.302634           -0.805196 
H         2.531604            -2.315836           -0.382179 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-460.8571914\RMSD=9.126e-09\ 
Dipole=0.548115,0.0004696,-0.0001849\ 
Quadrupole=-2.5504508,1.2764557,1.2739951,0.0031861,-0.0001621,-0.0010071\ 
PG=C01 [X(C3H9P1)]\\@ 
CF Done:  E(RPBE1PBE) =  -460.857191363     A.U. after   11 cycles            
NFock= 11  Conv=0.91D-08     -V/T= 2.0034 
W(CO)5 Single Point Energy 
1\1\GINC-ORC74\SP\RPBE1PBE\Gen\C5O5W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read SP test\\ 
Single Point on W(CO)5 fragment from Me3P-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
W       -0.498282           -0.003229           0.001226 
O          -0.350993           -2.852911           1.442893 
O        -0.611843           2.850441               -1.437292 
O        -0.507928           1.455068                 2.846629 
C         -0.405406           -1.832655           0.926538 
O         -0.482793           -1.427932           -2.86107 
O        -3.665867           -0.117519           0.045567 
C     -0.568845           1.829276             -0.923172 
C     -0.50168              0.930662              1.829434 
C        -0.485929           -0.920223           -1.835297 
C      -2.521123           -0.073771           0.02865 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-633.410787\RMSD=2.419e-09\ 
Dipole=0.8820637,0.0347017,-0.0133307\ 
Quadrupole=3.1218462,-1.5547686,-1.5670775,0.172469,-0.0674191,-0.0111514\ 
PG=C01[X(C5O5W1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -633.410786977     A.U. after   24 cycles             
NFock= 24  Conv=0.24D-08     -V/T= 2.0789 
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E.5 Computational Data for Py→W(CO)5 
 
Optimization 
1\1\GINC-ORC227\FOpt\RPBE1PBE\Gen\C10H5N1O5W1\BINDERJ\19-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
Optimization, frequency test and NBO6 analysis for PyWCO5\\0,1\ 
Atom  X   Y   Z 
W           6.0389638141           6.050584079           15.8299722911 
O           2.9037979717           6.6691258476           15.9493683718 
O           9.1255763018           5.2685561658           15.5341199544 
O           6.3527960152           8.25663332           13.5362533629 
C           4.0302836158           6.4691338343           15.929675112 
O           5.6760923169           3.6811305645           17.9465926067 
O           5.4164328198           3.9572395521           13.5629121179 
C           8.029012868           5.5692071785           15.6625678783 
C           6.247204604           7.4894884829           14.3786826741 
C           5.8118924133           4.5489586631           17.2132385429 
C           5.6437167269           4.7217718683           14.3908593471 
N           6.4944725838           7.581512191           17.4878389852 
C           7.51036721           8.4496180734           17.375632154 
C           5.7545677846           7.6411282289           18.6046276239 
C           7.8172296252           9.384043962           18.3473489918 
H           8.0945307256           8.3840703788           16.4663196094 
C           5.9944754534           8.5447426858           19.6231987345 
H           4.9398015215           6.9314340837           18.6745038754 
C           7.0465639003           9.4374360742           19.4974920823 
H           8.6520809165           10.056365997           18.1937008119 
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H           5.3581048905           8.5396329416           20.4993310202 
H           7.2609629709           10.1581928176           20.2779334522 
\\Version=EM64LG09RevE.01\State=1-A\HF=-881.5315291\RMSD=7.749e-09\ 
RMSF=6.632e-06\Dipole=0.6233627,2.0950182,2.2684815\ 
Quadrupole=-3.7138271,0.5008353,3.2129918,4.5891659,-0.3974392,7.7570824\ 
PG=C01 [X(C10H5N1O5W1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.132843 (Hartree/Particle) 
Thermal correction to Energy=                      0.150534 
Thermal correction to Enthalpy=                    0.151479 
Thermal correction to Gibbs Free Energy=          0.083472 
Sum of electronic and zero-point Energies=            -881.398687 
Sum of electronic and thermal Energies=               -881.380995 
Sum of electronic and thermal Enthalpies=            -881.380051 
Sum of electronic and thermal Free Energies=          -881.448057 
Py Single Point Energy 
1\1\GINC-ORC351\SP\RPBE1PBE\TZVP\C5H5N1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/TZVP SP test\\ 
Single Point on Py fragment from Py-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
N       -1.690362           -0.00007            0.000057 
C       -2.387917           1.145205          0.000049 
C        -2.387805           -1.14541            0.00005 
C         -3.769818           1.188805            0.000028 
H       -1.805116           2.057749            0.000077 
C      -3.769706           -1.189146           0.000012 
H       -1.804917           -2.057898           0.000064 
C      -4.481054           -0.000206           -0.000002 
H       -4.271501           2.148449            0.00003 
H       -4.271292           -2.14884            -0.000007 
H       -5.564819           -0.000256           -0.000038 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-248.0639246\RMSD=8.630e-09\ 
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Dipole=-0.9113187,-0.0000451,-0.0000142\ 
Quadrupole=-1.4335415,3.9855457,-2.5520042,-0.000262,0.000073,0.0000509\ 
PG=C01 [X(C5H5N1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -248.063924571     A.U. after   13 cycles             
NFock= 13  Conv=0.86D-08     -V/T= 2.0045 
W(CO)5 Single Point Energy 
1\1\GINC-ORC334\SP\RPBE1PBE\Gen\C5O5W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read SP test\\ 
Single Point on W(CO)5 fragment from Py-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
W         0.611757            0.000038            -0.00001 
O         0.734818            -2.248862           -2.270125 
O        0.734097            2.248704            2.27041 
O         0.734266            2.249903            -2.269236 
C        0.659091            -1.445415           -1.458895 
O          0.735154            -2.250061           2.268888 
O    3.759645            0.000506            0.00003 
C        0.658646            1.445363            1.459057 
C     0.658704            1.4462            -1.45825 
C     0.659234            -1.446195           1.458079 
C     2.610008            0.000292            -0.000045 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-633.4119856\RMSD=5.995e-09\ 
Dipole=-0.9791198,0.0000522,-0.0000149\ 
Quadrupole=3.0293257,-1.4835166,-1.5458091,0.0005517,-0.0003566,0.0002761\ 
PG=C01 [X(C5O5W1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -633.411985620     A.U. after   20 cycles             
NFock= 20  Conv=0.60D-08     -V/T= 2.0788 
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E.6 Computational Data for Ph3P→W(CO)5 
 
Optimization 
1\1\GINC-ORC146\FOpt\RPBE1PBE\Gen\C23H15O5P1W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
Optimization, frequency test and NBO6 analysis for Ph3PWCO5\\0,1\ 
Atom  X   Y   Z 
W           5.9634584487           5.9401847665           15.5574834216 
O           2.9349421573           6.9511932458           15.4088215136 
O           8.9841757304           4.9123823353           15.3430180176 
O           6.6352899176           8.0092021698           13.2168823686 
C           4.0202243945           6.5987952412           15.4978346272 
O           5.2777281545           3.6447139617           17.6772355765 
O           5.2441791992           3.8554522919           13.2923344192 
C           7.9122879521           5.2919539817           15.4583928351 
C           6.4029598103           7.3031415966           14.0863812559 
C           5.520924873           4.4860429681           16.9418921542 
C           5.5086543333           4.6155334515           14.1093568575 
P           6.4939120758           7.5803133004           17.4670361647 
C           6.2130272666           9.3573552292           17.0609092812 
C           6.9254767874           9.9258289041           16.003736774 
C           5.2813053172           10.1342910065           17.7434189158 
C           6.7174119476           11.2476276671           15.6445325424 
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H           7.6550666825           9.3370208827           15.4590022478 
C           5.0651553831           11.4558406342           17.3723129949 
H           4.7191463468           9.7114406777           18.5673568002 
C           5.7815722978           12.0155297108           16.3260891272 
H           7.2812092975           11.675012651           14.8229684389 
H           4.3316446729           12.0478690167           17.9083790829 
H           5.6107915014           13.0469490676           16.038639171 
C           5.5373146242           7.3683408967           19.0347015149 
C           6.0901112383           7.7221120855           20.2655677374 
C           4.2311428428           6.8860175644           18.9959522864 
C           5.3481895036           7.5958101086           21.4307396048 
H           7.1070648952           8.0929722798           20.3173894688 
C           3.4882236453           6.764972249           20.1619998513 
H           3.7859534168           6.598896212           18.0518189075 
C           4.0458858483           7.117709936           21.3820131417 
H           5.792779458           7.8695889366           22.3811877988 
H           2.4735995253           6.3859926056           20.1137792882 
H           3.4686705957           7.0161438342           22.2943219464 
C           8.2296465482           7.5475910241           18.0959205606 
C           8.9949135839           8.696358899           18.2758117154 
C           8.7723401997           6.3094464815           18.4391566418 
C           10.2865248678           8.6048146762           18.7798913037 
H           8.5855132776           9.6675694326           18.0253812614 
C           10.0566868325           6.2215390126           18.9511755551 
H           8.1849117054           5.4065957117           18.3089514367 
C           10.8193991041           7.3703923157           19.1181367038 
H           10.8752208953           9.506304238           18.9095134439 
H           10.4653952171           5.2520916066           19.2129477807 
H           11.8278704172           7.3015281554           19.5104669728 
\\Version=EM64LG09RevE.01\State=1-A\HF=-1669.0288431\RMSD=7.072e-09\ 
RMSF=7.358e-06\Dipole=0.5673088,1.6520777,2.0189408\ 
Quadrupole=2.6037463,-0.3620746,-2.2416717,0.0799288,-1.7027996,-3.1672426\ 
PG=C01 [X(C23H15O5P1W1)]\\@ 
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Thermochemical Information 
Zero-point correction=                              0.318299 (Hartree/Particle) 
Thermal correction to Energy=                      0.347685 
Thermal correction to Enthalpy=                    0.348629 
Thermal correction to Gibbs Free Energy=          0.253214 
Sum of electronic and zero-point Energies=           -1668.710544 
Sum of electronic and thermal Energies=              -1668.681158 
Sum of electronic and thermal Enthalpies=            -1668.680214 
Sum of electronic and thermal Free Energies=         -1668.775629 
Ph3P Single Point Energy 
1\1\GINC-ORC175\SP\RPBE1PBE\TZVP\C18H15P1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/TZVP SP test\\ 
Single Point on Ph3P fragment from Ph3P-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
P        -0.849939           -0.015297           -0.021242 
C      -1.580377           -1.645376           -0.480608 
C     -1.266035           -2.196171           -1.72406 
C    -2.39523            -2.363138           0.390246 
C     -1.765988           -3.434682           -2.092312 
H      -0.632184           -1.653232           -2.41629 
C      -2.88436            -3.611011           0.023505 
H      -2.651316           -1.9521            1.359352 
C       -2.573731           -4.148321           -1.215808 
H     -1.514831           -3.847126           -3.063035 
H        -3.512814           -4.16228            0.714193 
H      -2.956731           -5.122266           -1.499289 
C      -1.724831           0.389002            1.556316 
C      -2.99033            0.975641          1.544551 
C      -1.139629           0.07296          2.780194 
C      -3.653743           1.23782          2.734161 
H      -3.459581           1.23515          0.60281 
C       -1.806752           0.331197            3.969525 
H     -0.155027           -0.37603            2.811629 
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C      -3.064304           0.915992            3.949043 
H       -4.634813           1.699211            2.709938 
H     -1.335701           0.080465            4.913272 
H     -3.582827           1.125076            4.878138 
C     -1.652341           1.165654            -1.192074 
C       -2.648984           0.789051            -2.087918 
C      -1.257971           2.502377            -1.137568 
C       -3.23217            1.733783            -2.923448 
H     -2.975887           -0.242649           -2.135915 
C      -1.848013           3.444499            -1.964426 
H       -0.48597            2.810529            -0.440271 
C       -2.834349           3.060571            -2.863987 
H     -4.003138           1.426991            -3.621685 
H     -1.530704           4.479816            -1.911222 
H      -3.290351           3.795712            -3.517675 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-1035.5494356\RMSD=3.542e-09\ 
Dipole=-0.6362543,0.0420382,0.0644347\ 
Quadrupole=-5.3440454,1.3908166,3.9532288,0.3532276,0.6659541,0.1574187\ 
PG=C01 [X(C18H15P1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -1035.54943558     A.U. after   19 cycles             
NFock= 19  Conv=0.35D-08     -V/T= 2.0040 
W(CO)5 Single Point Energy 
1\1\GINC-ORC312\SP\RPBE1PBE\Gen\C5O5W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read SP test\\ 
Single Point on W(CO)5 fragment from Ph3P-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
W       1.721399            0.037255            0.035776 
O  1.810397            -2.282742           2.232557 
O      1.921046            2.197473            -2.313842 
O      2.096856            -2.227568           -2.186883 
C      1.745163            -1.442061           1.458641 
O     1.656611            2.358755            2.235594 
O     4.875182            0.156648            0.219554 
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C     1.81111            1.438232            -1.466612 
C       1.915408            -1.423442           -1.393797 
C     1.650275            1.523088            1.454999 
C     3.731626            0.110137            0.14667 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-633.411021\RMSD=6.638e-09\ 
Dipole=-0.9489132,-0.0121418,-0.0426467\ 
Quadrupole=3.1851393,-1.6472814,-1.537858,0.1580263,0.2652565,0.0046459\ 
PG=C01 [X(C5O5W1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -633.411021021     A.U. after   24 cycles             
NFock= 24  Conv=0.66D-08     -V/T= 2.0788 
E.7 Computational Data for Me3P→W(CO)5 
 
Optimization 
1\1\GINC-ORC205\FOpt\RPBE1PBE\Gen\C8H9O5P1W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read scf=tight opt freq pop=(full,nbo6read) test\\ 
Optimization, frequency test and NBO6 analysis for Me3PWCO5\\0,1\ 
Atom  X   Y   Z 
W           6.0351536963           5.9767603773           15.7537224378 
O           2.9714439599           6.8817813317           15.8778404091 
O           9.1077836636           5.0969869481           15.6507327465 
O           6.6202055328           8.2011500123           13.5327206281 
C           4.0680830117           6.5564887088           15.8323161152 
O           5.4875447188           3.7468484659           17.9786652681 
O           5.3486852876           3.8800691232           13.4774816977 
C           8.0088661142           5.4129122559           15.6896855416 
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C           6.4086468688           7.4075548162           14.3296995338 
C           5.6815184749           4.5473477318           17.1839559969 
C           5.5993258612           4.637361765           14.2998728202 
P           6.5271033311           7.6636644264           17.5779874759 
C           6.1894552751           9.4209775976           17.1562380279 
H           6.4060784091           10.0773629157           18.0022550398 
H           6.8039224955           9.7165867759           16.30450375 
H           5.1409854034           9.5310556897           16.8742003343 
C           8.2547858861           7.7420786805           18.2008029798 
H           8.9278107165           7.9871095442           17.3777019556 
H           8.3556880513           8.4951168124           18.9854395658 
H           8.5431085661           6.7674124556           18.5974453234 
C           5.5671754859           7.4561640617           19.1322353301 
H           5.7745824626           6.474611118           19.5611126592 
H           5.8246977645           8.2293221159           19.8598469608 
H           4.5002919331           7.51219536           18.9099862624 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-1094.34738\RMSD=7.272e-09\ 
RMSF=8.648e-05\Dipole=0.4834972,1.582324,1.7125267\ 
Quadrupole=-2.658935,0.9791676,1.6797674,1.2440664,1.3628735,4.3886838\ 
PG=C01 [X(C8H9O5P1W1)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.156747 (Hartree/Particle) 
Thermal correction to Energy=                      0.175854 
Thermal correction to Enthalpy=                    0.176798 
Thermal correction to Gibbs Free Energy=          0.107920 
Sum of electronic and zero-point Energies=           -1094.190633 
Sum of electronic and thermal Energies=              -1094.171526 
Sum of electronic and thermal Enthalpies=            -1094.170582 
Sum of electronic and thermal Free Energies=         -1094.239460 
Me3P Single Point Energy 
1\1\GINC-ORC73\SP\RPBE1PBE\TZVP\C3H9P1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/TZVP SP test\\ 
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Single Point on Me3P fragment from Me3P-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
P       2.034306            0.03401            -0.013332 
C      2.845304            0.007798            1.636403 
H        3.933505            0.002828            1.539943 
H        2.538432            0.884976            2.208063 
H      2.528031            -0.882383           2.182175 
C         2.844958            1.474106            -0.818256 
H     2.535375            2.3929            -0.317784 
H        3.932849            1.388118            -0.773519 
H       2.530614            1.532351            -1.861436 
C        2.845191            -1.384409           -0.856396 
H      2.535031            -1.413401           -1.902035 
H      3.933401            -1.302634           -0.805196 
H      2.531604            -2.315836           -0.382179 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-460.8571914\RMSD=9.126e-09\ 
Dipole=0.548115,0.0004696,-0.0001849\ 
Quadrupole=-2.5504508,1.2764557,1.2739951,0.0031861,-0.0001621,-0.0010071\ 
PG=C01 [X(C3H9P1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -460.857191363     A.U. after   11 cycles             
NFock= 11  Conv=0.91D-08     -V/T= 2.0034 
W(CO)5 Single Point Energy 
1\1\GINC-ORC74\SP\RPBE1PBE\Gen\C5O5W1\BINDERJ\20-Sep-2017\0\\#  
PBE1PBE/gen pseudo=read SP test\\ 
Single Point on W(CO)5 fragment from Me3P-W(CO)5 model\\0,1\ 
Atom          X            Y            Z 
W     -0.498282           -0.003229           0.001226 
O      -0.350993           -2.852911           1.442893 
O      -0.611843           2.850441            -1.437292 
O        -0.507928           1.455068            2.846629 
C       -0.405406           -1.832655           0.926538 
O         -0.482793           -1.427932           -2.86107 
O       -3.665867           -0.117519           0.045567 
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C        -0.568845           1.829276            -0.923172 
C     -0.50168            0.930662            1.829434 
C        -0.485929           -0.920223           -1.835297 
C        -2.521123           -0.073771           0.02865 
\\Version=EM64L-G09RevE.01\State=1-A\HF=-633.410787\RMSD=2.419e-09\ 
Dipole=0.8820637,0.0347017,-0.0133307\ 
Quadrupole=3.1218462,-1.5547686,-1.5670775,0.172469,-0.0674191,-0.0111514\ 
PG=C01[X(C5O5W1)]\\@ 
SCF Done:  E(RPBE1PBE) =  -633.410786977     A.U. after   24 cycles             
NFock= 24  Conv=0.24D-08     -V/T= 2.0789 
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Appendix F: Supplementary Information for Chapter 7 
F.1 Computational Data for [N(CN)2]− 
 
Optimization 
1\1\GINC-ORC75\Freq\RM062X\CC-pVQZ\C2N3(1-)\BINDERJ\14-Feb-2018\0\\# 
N Geom=AllCheck Guess=TCheck SCRF=Check Test GenChk RM062X/CC-pVQZ Freq\\ 
Optimization, frequency test and NBO6 analysis with NRT for  
Dicyanamide\\-1,1\ 
Atom  X   Y   Z 
N           -0.2155004205           -0.2432825497            0. 
C           1.0093291786           0.2183438176            0. 
C           -1.2405855544           0.5706627299            0. 
N           -2.2159794391           1.2035310072            0. 
N           2.1314930261           0.5227510878            0. 
\\Version=EM64L-G09RevE.01\State=1-A1\HF=-240.5180165\RMSD=7.670e-10\ 
RMSF=2.908e-05\ZeroPoint=0.0216919\Thermal=0.0258385\ 
Dipole=-0.0622061,-0.3972493,0.\ 
PG=C02V [C2(N1),SGV(C2N2)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.021692 (Hartree/Particle) 
Thermal correction to Energy=                      0.025838 
Thermal correction to Enthalpy=                    0.026783 
Thermal correction to Gibbs Free Energy=         -0.004487 
Sum of electronic and zero-point Energies=            -240.496325 
Sum of electronic and thermal Energies=               -240.492178 
Sum of electronic and thermal Enthalpies=             -240.491234 
Sum of electronic and thermal Free Energies=          -240.522503 
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F.2 Computational Data for [P(CN)2]− 
 
Optimization 
1\1\GINC-ORC140\Freq\RM062X\CC-pVQZ\C2N2P1(1-)\BINDERJ\14-Feb-2018\0\\# 
N Geom=AllCheck Guess=TCheck SCRF=Check Test GenChk RM062X/CC-pVQZ Freq\\ 
Optimization, frequency test and NBO6 analysis with NRT for  
Dicyanophosphide\\-1,1\ 
Atom  X   Y   Z 
P           -0.2959503876           -0.7570374443            0. 
C           1.1896833047           0.2195397389            0. 
C           -1.4119408393           0.6269335722            0. 
N           -2.2348316405           1.4402215201            0. 
N           2.221796351           0.7423487066            0. 
\\Version=EM64L-G09RevE.01\State=1-A1\HF=-527.1226499\RMSD=1.235e-09\ 
RMSF=6.230e-06\ZeroPoint=0.0174955\Thermal=0.0223985\ 
Dipole=-0.1206529,-0.7704916,0.\  
PG=C02V [C2(P1),SGV(C2N2)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.017496 (Hartree/Particle) 
Thermal correction to Energy=                      0.022399 
Thermal correction to Enthalpy=                    0.023343 
Thermal correction to Gibbs Free Energy=         -0.010402 
Sum of electronic and zero-point Energies=            -527.105154 
Sum of electronic and thermal Energies=               -527.100251 
Sum of electronic and thermal Enthalpies=             -527.099307 
Sum of electronic and thermal Free Energies=          -527.133052 
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F.3 Computational Data for [As(CN)2]− 
 
Optimization 
1\1\GINC-ORC355\Freq\RM062X\Gen\C2As1N2(1-)\BINDERJ\18-Mar-2018\0\\# 
N Geom=AllCheck Guess=TCheck SCRF=Check GenChk RM062X/ChkBas Freq\\ 
Optimization and frequency test for 
Dicyanoarsenide with MCDHF pp (cc-pVQZ-pp) on As\\-1,1\ 
Atom  X   Y   Z 
As           -0.3113392588           -0.8553110421            0. 
C           1.2768972335           0.2247111641            0. 
C           -1.4933991339           0.6585177371            0. 
N           -2.3035426073           1.4824943638            0. 
N           2.3001405511           0.7615938718            0. 
\\Version=EM64L-G09RevE.01\State=1-A1\HF=-518.4025001\RMSD=1.598e-09\ 
RMSF=2.019e-04\ZeroPoint=0.0162924\Thermal=0.0216203\ 
Dipole=-0.2391949,-1.5275027,0.\ 
PG=C02V [C2(As1),SGV(C2N2)]\\@ 
Thermochemical Information 
Zero-point correction=                              0.016292 (Hartree/Particle) 
Thermal correction to Energy=                      0.021620 
Thermal correction to Enthalpy=                    0.022565 
Thermal correction to Gibbs Free Energy=         -0.012989 
Sum of electronic and zero-point Energies=            -518.386208 
Sum of electronic and thermal Energies=               -518.380880 
Sum of electronic and thermal Enthalpies=             -518.379936 
Sum of electronic and thermal Free Energies=          -518.415489 
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F.4 X-ray Data Reduction Notes for [PPh4][P(CN)2]: 
After data collection, 16048 reflections were harvested from the frames and imported into 
the program Cell_Now, which identified the unit cell and orientation matrices for the three 
additional components, which are as listed: 
 
Cell for Domain 2: Rotated from first domain by 90.8 degrees about reciprocal axis  0.200  
0.200  1.000  and real axis  0.184  0.774  1.000 
 
Twin law to convert hkl from first to this domain (SHELXL TWIN matrix): 
0.053  -0.673  0.324 
1.080  -0.030  -0.010 
-0.662  0.921  0.948 
 
Cell for Domain 3: Rotated from first domain by 180.0 degrees about reciprocal axis  0.200  
0.200  1.000  and real axis  0.183  0.773  1.000 
 
Twin law to convert hkl from first to this domain (SHELXL TWIN matrix): 
-0.939  0.259  0.336 
0.062  -0.741  0.335 
0.306  1.299  0.679 
 
Cell for Domain 4: Rotated from first domain by  89.1 degrees about reciprocal axis  0.200  
0.200  1.000  and real axis  0.182  0.774  1.000 
 
Twin law to convert hkl from first to this domain (SHELXL TWIN matrix): 
0.009  0.934  0.012 
-1.019  0.291  0.345 
0.968  0.379  0.731 
 
The four components were integrated using Saint, which output the following statistics: 
13603 data (   5166 unique ) involve domain  1 only,  mean I/sigma  27.4 
13429 data (   5087 unique ) involve domain  2 only,  mean I/sigma  27.5 
13439 data (   5071 unique ) involve domain  3 only,  mean I/sigma  27.4 
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13597 data (   5154 unique ) involve domain  4 only,  mean I/sigma  27.6 
 5988 data (   2998 unique ) involve   2 domains,  mean I/sigma  50.0 
     18 data (     18 unique ) involve   3 domains,  mean I/sigma  45.8 
     28 data (     16 unique ) involve   4 domains,  mean I/sigma 196.1 
 
Twinabs was used to correct the data for absorption, which calculated the following Rint 
values based on agreement between observed single and composite intensities and those 
calculated from refined unique intensities and twin fractions: 
Rint = 0.0501 for all   59298  observations and 
Rint = 0.0483 for all   51830  observations with I > 3sigma(I) 
 
The structure was solved from the HKLF4 dataset using intrinsic phasing (ShelXT). XPREP 
was used to confirm the space group and standard settings. Final refinement of the solution 
was done using an HKLF 5 dataset which was constructed from all observed data (43945 
corrected reflections merged according to point group 1). Relative batch scale factors were 
refined to be 0.2531(16), 0.2465(9), 0.2499(9) and 0.2505(9). 
  
APPENDICES 
 292 
Appendix G: Copyright Permissions 
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Appendix H: Additional Crystal Structures 
[Pdppe][OTf] 
 
[S2P(MebNHC)][Br] 
 
 
 
 
[P(MeNHCMe)2][B(C6F5)4]·DCM 
 
[O{PS2(MeNHCB)}2] 
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H.1 Crystal Data and Structure Refinement. 
Crystal Structure 
[Pdppe] 
[OTf] 
[S2P(MebNHC)] 
[Br] 
[P(MeNHCMe)2] 
[B(C6F5)4]·DCM 
[O{PS2(MeNHCB)}2] 
Empirical 
formula 
C27H24F3O3P3S C9H12BrN4PS2 C39H26BCl2F20N4P C18H20N4OP2S4 
Formula weight 578.43 351.23 1043.32 498.56 
Temperature (K) 169.9 173.21 170.0 173.15 
Crystal system monoclinic monoclinic triclinic monoclinic 
Space group P21/n P21/m P-1 P21/n 
a (Å) 12.4686(7) 7.5909(4) 11.0876(9) 10.9035(3) 
b (Å) 15.3513(9) 6.9504(4) 14.9200(11) 15.0889(4) 
c (Å) 14.8324(9) 12.6802(7) 15.1297(12) 14.0613(4) 
α (°) 90 90 61.075(2) 90 
β (°) 110.655(2) 103.3186(18) 74.480(3) 109.9560(10) 
γ (°) 90 90 73.129(3) 90 
Volume (Å3) 2656.6(3) 651.01(6) 2072.0(3) 2174.48(10) 
Z 4 2 2 4 
ρcalc (g·cm−3) 1.446 1.792 1.672 1.523 
μ (mm−1) 3.231 3.583 0.323 5.568 
F(000) 1192.0 352.0 1044.0 1032.0 
Crystal size 
(mm3) 
0.280 × 0.238 × 
0.210 
0.174 × 0.100 × 
0.100 
0.163 × 0.092 × 
0.063 
0.158 × 0.049 × 
0.038 
Radiation 
CuKα 
(λ = 1.54178) 
MoKα 
(λ = 0.71076) 
MoKα 
(λ = 0.71073) 
CuKα 
(λ = 1.54178) 
2Θ range for data 
collection (°) 
7.996 to 158.374 6.604 to 72.812 5.468 to 54.338 8.894 to 148.962 
Index ranges 
-15 ≤ h ≤ 15 
-19 ≤ k ≤ 19 
-18 ≤ l ≤ 18 
-12 ≤ h ≤ 12 
-11 ≤ k ≤ 11 
-21 ≤ l ≤ 21 
-14 ≤ h ≤ 14 
-19 ≤ k ≤ 19 
-19 ≤ l ≤ 19 
-13 ≤ h ≤ 12 
-18 ≤ k ≤ 17 
-16 ≤ l ≤ 17 
Reflections 
collected 
58398 23159 85181 28415 
Independent 
reflections 
5728 
Rint = 0.0842 
Rsigma = 0.0412 
3369 
Rint = 0.0384 
Rsigma = 0.0280 
8850 
Rint = 0.0478 
Rsigma = 0.0223 
4428 
Rint = 0.0764 
Rsigma = 0.0480 
Data/restraints 
/parameters 
5728/11/371 3369/0/102 8850/3/631 4428/0/266 
Goodness-of-fit 
on F2 
1.035 1.054 1.059 1.047 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0644 
wR2 = 0.1718 
R1 = 0.0312 
wR2 = 0.0600 
R1 = 0.0391 
wR2 = 0.0878 
R1 = 0.0455 
wR2 = 0.1061 
Final R indexes 
[all data] 
R1 = 0.0671 
wR2 = 0.1753 
R1 = 0.0475 
wR2 = 0.0647 
R1 = 0.0559 
wR2 = 0.0973 
R1 = 0.0645 
wR2 = 0.1161 
Largest diff. 
peak/hole (e·Å−3) 
0.49/-0.67 0.61/-0.51 0.31/-0.68 0.87/-0.43 
Flack parameter n/a n/a n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
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[(EtTZMe)2][I]2 
 
 
[PhS(MeNHCMe)][Br]0.39[Cl]0.61 
 
 
 
 
 
 
[(MeNHC2−BCy2][Cl]·DCM 
 
[NitronH][Br] 
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H.2 Crystal Data and Structure Refinement. 
Crystal Structure 
[(EtTZMe)2] 
[I]2 
[PhS(MeNHCMe)] 
[Br]0.39[Cl]0.61 
[(MeNHC2−BCy2] 
[Cl]·DCM 
[NitronH] 
[Br] 
Empirical 
formula 
C14H22I2N2S2 C13H17Br0.39Cl0.61N2S C41H70B2Cl4N8 C20H17BrN4 
Formula weight 536.29 286.13 838.47 393.29 
Temperature (K) 173.2 99.99 173.0 173.2 
Crystal system monoclinic monoclinic monoclinic monoclinic 
Space group C2/c P21/n C2/c P21/c 
a (Å) 7.2511(5) 9.6942(4) 18.5111(11) 7.4201(3) 
b (Å) 13.2367(8) 9.0384(3) 8.5595(4) 9.8182(4) 
c (Å) 19.7324(12) 16.1119(5) 29.4978(14) 24.5359(10) 
α (°) 90 90 90 90 
β (°) 91.276(2) 103.7740(10) 101.878(3) 92.4544(16) 
γ (°) 90 90 90 90 
Volume (Å3) 1893.5(2) 1371.13(8) 4573.7(4) 1785.85(13) 
Z 4 4 4 4 
ρcalc (g·cm−3) 1.8811 1.386 1.218 1.463 
μ (mm−1) 3.536 1.472 0.297 2.311 
F(000) 1030.0 596.0 1800.0 800.0 
Crystal size 
(mm3) 
0.600 × 0.400 × 
0.300 
0.267 × 0.075 × 
0.075 
0.440 × 0.280 × 
0.260 
0.250 × 0.240 × 
0.181 
Radiation 
Mo Kα 
(λ = 0.71076) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
6.16 to 70.08 6.248 to 54.268 6.188 to 66.394 6.3 to 66.414 
Index ranges 
-11 ≤ h ≤ 11 
-21 ≤ k ≤ 21 
-31 ≤ l ≤ 31 
-12 ≤ h ≤ 12 
-11 ≤ k ≤ 11 
-20 ≤ l ≤ 20 
-28 ≤ h ≤ 28 
-13 ≤ k ≤ 13 
-45 ≤ l ≤ 45 
-11 ≤ h ≤ 11 
-15 ≤ k ≤ 14 
-37 ≤ l ≤ 37 
Reflections 
collected 
39752 19891 111839 58497 
Independent 
reflections 
4134 
Rint = 0.0254 
Rsigma = 0.0130 
3031 
Rint = 0.0473 
Rsigma = 0.0271 
8751 
Rint = 0.0524 
Rsigma = 0.0251 
6834 
Rint = 0.0311 
Rsigma = 0.0204 
Data/restraints 
/parameters 
4134/0/94 3031/0/168 8751/15/264 6834/0/230 
Goodness-of-fit 
on F2 
1.030 1.058 1.289 1.065 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0259 
wR2 = 0.0586 
R1 = 0.0257 
wR2 = 0.0521 
R1 = 0.0566 
wR2 = 0.1629 
R1 = 0.0324 
wR2 = 0.0736 
Final R indexes 
[all data] 
R1 = 0.0293 
wR2 = 0.0601 
R1 = 0.0374 
wR2 = 0.0558 
R1 = 0.0694 
wR2 = 0.1719 
R1 = 0.0437 
wR2 = 0.0776 
Largest diff. 
peak/hole (e·Å−3) 
0.85/-1.91 0.30/-0.34 0.58/-0.45 0.44/-0.84 
Flack parameter n/a n/a n/a n/a 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
APPENDICES 
 298 
 
[(MeNHCMe)H][BPh4] 
 
 
[(TZMe)H][Br]·H2O 
 
 
 
 
 
[(MeNHCB)H][Br] 
 
[(MeNHCB)H][I] 
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H.3 Crystal Data and Structure Refinement. 
Crystal Structure 
[(MeNHCMe)H] 
[BPh4] 
[(TZMe)H] 
[Br]·H2O 
[(MeNHCB)H] 
[Br] 
[(MeNHCB)H] 
[I] 
Empirical 
formula 
C31H33BN2 C5H10BrNOS C9H11BrN2 C13H19IN2 
Formula weight 444.40 212.11 227.11 330.20 
Temperature (K) 150.2 173.2 173.2 173.19 
Crystal system monoclinic monoclinic orthorhombic orthorhombic 
Space group P21/c P21/n Pca21 P212121 
a (Å) 9.4865(7) 7.0329(4) 17.1023(8) 6.9509(2) 
b (Å) 30.284(2) 14.5997(7) 7.1336(4) 12.0936(3) 
c (Å) 9.6168(6) 8.5504(4) 7.6369(4) 16.3534(5) 
α (°) 90 90 90 90 
β (°) 116.5499(18) 109.203(2) 90 90 
γ (°) 90 90 90 90 
Volume (Å3) 2471.5(3) 829.09(7) 931.71(8) 1374.69(7) 
Z 4 4 4 4 
ρcalc (g·cm−3) 1.194 1.699 1.619 1.595 
μ (mm−1) 0.068 5.137 4.357 2.308 
F(000) 952.0 424.0 456.0 656.0 
Crystal size 
(mm3) 
0.240 × 0.110 × 
0.040 
0.435 × 0.328 × 
0.266 
0.408 × 0.057 × 
0.057 
0.195 × 0.190 × 
0.114 
Radiation 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
MoKα 
(λ = 0.71073) 
2Θ range for data 
collection (°) 
6.222 to 52.968 5.58 to 54.28 6.188 to 56.726 6.014 to 66.266 
Index ranges 
-11 ≤ h ≤ 11 
-37 ≤ k ≤ 37 
-12 ≤ l ≤ 12 
-9 ≤ h ≤ 9 
-18 ≤ k ≤ 18 
-10 ≤ l ≤ 10 
-22 ≤ h ≤ 22 
-9 ≤ k ≤ 9 
-10 ≤ l ≤ 10 
-10 ≤ h ≤ 10 
-15 ≤ k ≤ 18 
-25 ≤ l ≤ 25 
Reflections 
collected 
54331 13996 22337 26364 
Independent 
reflections 
5080 
Rint = 0.0749 
Rsigma = 0.0505 
1824 
Rint = 0.0294 
Rsigma = 0.0150 
2319 
Rint = 0.0597 
Rsigma = 0.0345 
5190 
Rint = 0.0369 
Rsigma = 0.0337 
Data/restraints 
/parameters 
5080/0/311 1824/0/96 2319/1/111 5190/0/149 
Goodness-of-fit 
on F2 
1.146 1.126 1.052 1.063 
Final R indexes 
[I>=2σ(I)] 
R1 = 0.0655 
wR2 = 0.1228 
R1 = 0.0207 
wR2 = 0.0503 
R1 = 0.0258 
wR2 = 0.0430 
R1 = 0.0260 
wR2 = 0.0435 
Final R indexes 
[all data] 
R1 = 0.1028 
wR2 = 0.1353 
R1 = 0.0224 
wR2 = 0.0510 
R1 = 0.0365 
wR2 = 0.0453 
R1 = 0.0354 
wR2 = 0.0456 
Largest diff. 
peak/hole (e·Å−3) 
0.20/-0.30 0.28/-0.44 0.28/-0.40 0.38/-0.68 
Flack parameter n/a n/a 0.031(8) -0.025(9) 
𝑅1 =
∑||𝐹𝑜|−|𝐹𝑐||
∑|𝐹𝑜|
          𝑤𝑅2 = √
∑𝑤(𝐹𝑜
2−𝐹𝑐
2)
2
∑𝑤(𝐹𝑜
2)
2           𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜
2−𝐹𝑜
2(𝑚𝑒𝑎𝑛)|
∑𝐹𝑜
2           𝑅𝑠𝑖𝑔𝑚𝑎 =
∑𝜎(𝐹𝑜
2)
∑𝐹𝑜
2  
  300 
VITA AUCTORIS  
NAME    Justin Frank Binder 
 
PLACE OF BIRTH  Windsor, ON, Canada 
 
YEAR OF BIRTH  1991 
 
EDUCATION   Diplôme d’études secondaire de l’Ontario 
    École secondaire E.J. Lajeunesse 
    2009 
 
    B.Sc. Honours Chemistry 
    University of Windsor, Ontario, Canada 
    2014 
      
    Ph.D. Chemistry 
    University of Windsor, Ontario, Canada 
    2019 
 
PUBLICATIONS  
16. 2,6-Bis(benzimidazol-2-yl)pyridines Complexes of Group 14 Elements 
Swidan A., St Onge P.B.J., Binder J.F., Sutter R., Burford N. & Macdonald C.L.B. 
Dalton Trans. Accepted. 
 
15. 2,6-Bis(benzimidazol-2-yl)pyridines as more Electron-rich and 
Sterically Accessible Alternatives to 2,6-Bis(imino)pyridine for Group 
13 Coordination Chemistry 
Swidan A., Binder J.F., St Onge P.B.J., Sutter R., Burford N. & Macdonald C.L.B. 
Dalton Trans. 2019, 48, 1284–1291. 
DOI: 10.1039/C8DT04276D 
 
14. The Phosphinoboration of 2-Diphenylphosphinobenzaldehyde and 
Related Aldimines 
Kindervater M.B., Binder J.F., Baird S.R., Vogels C.M., Geier S.J., Macdonald 
C.L.B. & Westcott S.A. 
J. Organomet. Chem. 2019, 880, 378–385. 
DOI: 10.1016/j.jorganchem.2018.11.001 
VITA AUCTORIS 
 301 
13. Diphosphoniodiphosphene Formation by Transition Metal Insertion 
into a Triphosphenium Zwitterion 
Kosnik S.K.,† Binder J.F.,† Nascimento M. C., Swidan A. & Macdonald C.L.B. 
Chem. - A Eur. J. 2018, 25, 1208–1211. 
DOI: 10.1002/chem.201805711 
†These authors contributed equally. 
 
12. Phosphonium Templated Iodoplumbates 
Omahen E.H., Binder J.F., Swidan A. & Macdonald C.L.B. 
ACS Omega 2018, 3, 17077–17082. 
DOI: 10.1021/acsomega.8b02240 
 
11. Synthesis of Heteroleptic Phosphorus(I) Cations by P+ Transfer 
Binder J.F., Swidan A. & Macdonald C.L.B. 
Inorg. Chem. 2018, 57, 11717–11725. 
DOI: 10.1021/acs.inorgchem.8b01822 
 
10. Synthesis of Heavy Dicyanamide Homologues from Air-Stable 
Precursors 
Binder J.F., Kosnik S.C., St Onge P.B.J. & Macdonald C.L.B.  
Chem. - A Eur. J. 2018, 24, 14644–14648.  
DOI : 10.1002/chem.201803941 
 
9. Synthesis and Structural Characterization of New Polyether Complexes 
of Germanium(II) and Tin(II) 
Secara A.M., Binder J.F., Swidan A. & Macdonald C.L.B. 
Can. J. Chem. 2018, 96, 570–577. 
DOI: 10.1139/cjc-2017-0763 
 
8. Assessing the Ligand Properties of NHC-Stabilised Phosphorus(I) 
Cations 
Binder J.F., Kosnik S.C. & Macdonald C.L.B. 
Chem. - A Eur. J. 2018, 24, 3556–3565. 
DOI: 10.1002/chem.201705224 
 
7. 1,3,5-Triazine(trithiophenylcarboxylate) Esters Form Metastable 
Monotropic Nematic Discotic Liquid Crystal Phases 
Taing H., Rothera J.G., Binder J.F., Macdonald C.L.B. & Eichhorn S.H. 
Liquid Crystals, 2017, 45, 1147–1157. 
DOI: 10.1080/02678292.2017.1417506 
VITA AUCTORIS 
 302 
6. Accessing Multimetallic Complexes with a Phosphorus(I) Zwitterion 
Kosnik S.C., Nascimento M.C., Binder J.F. & Macdonald C.L.B.  
Dalton Trans. 2017, 46, 17080–17092. 
DOI: 10.1039/C7DT03844E 
 
5. 1,2,4-Triazol-5-ylidenes Versus Imidazol-2-ylidenes for the 
Stabilization of Phosphorus(I) Cations 
Elnajjar F.O., Binder J.F., Kosnik S.C. & Macdonald C.L.B. 
Z. Anorg. Allg. Chem. 2016, 642, 1251–1258. 
DOI: 10.1002/zaac.201600270 
 
4. Preparation and Reactivity of a Triphosphenium Bromide Salt: A 
Convenient and Stable Source of Phosphorus(I) 
Kosnik S.C., Binder J.F., Nascimento M.C. & Macdonald C.L.B. 
J. Vis. Exp. 2016, 117, 55021. 
DOI: 10.3791/55021 
 
3. Convenient Preparation and Detailed Analysis of a Series of NHC-
Stabilized Phosphorus(I) Dyes and Their Derivatives 
Macdonald C.L.B., Binder J.F., Swidan A., Nguyen J.H., Kosnik S.C. & Ellis B.D. 
Inorg. Chem. 2016, 55, 7152–7166.  
DOI: 10.1021/acs.inorgchem.6b01163 
 
2. A Simple Route to Phosphamethine Cyanines from S,N-Heterocyclic 
Carbenes 
Binder J.F., Corrente A.M. & Macdonald C.L.B. 
Dalton Trans. 2016, 45, 2138–2147. 
DOI: 10.1039/C5DT03019F 
 
1. Remarkably Stable Chelating Bis-N-Heterocyclic Carbene Adducts of 
Phosphorus(I) Cations 
Binder J.F., Swidan A., Tang M., Nguyen J.H. & Macdonald C.L.B. 
Chem. Commun. 2015, 51, 7741–7744. 
DOI: 10.1039/C5CC00331H 
 
VITA AUCTORIS 
 303 
PRESENTATIONS 
 Oral Presentations 
4. Binder J.F., Kosnik S.C., Macdonald C.L.B. Synthesis of Dicyanopnictides by 
Pnictogen+ Transfer, The 101st Canadian Chemistry Conference and 
Exhibition, 2018, Edmonton, Alberta, Canada. 
3. Binder J.F., Swidan A., Tang M., Corrente A.M., Nguyen J.H., Elnajjar F.O., Ellis 
B.D., Macdonald C.L.B. Carbene-Stabilized Phosphorus Cations, The 99th 
Canadian Chemistry Conference and Exhibition, 2016, Halifax, Nova Scotia, 
Canada. 
2. Binder J.F., Swidan A., Tang M., Nguyen J.H., Kosnik S.C., Macdonald C.L.B. Bis-
Carbene Complexes of Phosphorus Cations, The 48th Inorganic Discussion 
Weekend, 2015, Kingston, Ontario, Canada. 
1. Binder J.F., Macdonald C.L.B. Acyclic N-Heterocyclic Carbene Adducts of P(I) 
Cations: Synthesis and Photophysical Studies. The 42nd Southern Ontario 
Undergraduate Student Chemistry Conference, 2014, Windsor, Ontario, 
Canada. 
 Poster Presentations 
4. Binder J.F., Macdonald C.L.B. Carbene-Stabilized Phosphorus Cations, The 
100th Canadian Chemistry Conference and Exhibition, 2017, Toronto, Ontario, 
Canada. 
3. Binder J.F., Swidan A., Tang M., Macdonald C.L.B. Carbene-Stabilized P(I) 
Salts, The 14th International Symposium on Inorganic Ring Systems, 2015, 
Regensburg, Germany. 
2. Binder J.F., Swidan A., Tang M., Macdonald C.L.B. Synthesis and Reactivity of 
N-Heterocyclic Carbene-Stabilized P(I) Salts, The 47th Inorganic Discussion 
Weekend, 2014, Montreal, Quebec, Canada. 
1. Binder J.F., Swidan A., Tang M., Macdonald C.L.B. Acyclic N-Heterocyclic 
Carbene Adducts of P(I) Cations: Synthesis and Photophysical Studies, The 
97th Canadian Chemistry Conference and Exhibition, 2014, Vancouver, 
British-Columbia, Canada. 
 
